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DISSERTATION ABSTRACT 
 
Lee Kenyon Plummer 
 
Doctor of Philosophy 
 
Department of Chemistry and Biochemistry 
 
December 2019 
 
Title: Metal Oxide Nanoparticles: Examination of Growth Processes to Gain Nanoscale 
Structural Control 
 
Metal oxide nanoparticles can enable a wide variety of impactful applications due 
to their structure-dependent properties, tailorable features, and processability. The 
nanoparticle core is usually the nanoparticle component that lends a functional property 
to a particular application. Syntheses are required that reliably produce the nanoparticle 
core with the appropriate structural characteristics (size, shape, crystal phase, 
crystallinity, etc.) to yield the specific properties demanded by applications. In order to 
command control over nanoparticle core structure, we must understand the growth 
processes that lead to the structure. This dissertation examines growth processes by 
exploiting a unique metal oxide nanoparticle synthesis method. In this method, the 
synthetic attributes are analogous to living polymerization reactions implying that 
nanoparticle core structure can be manipulated with the same degree of control that 
transformed polymer chemistry.  
Leveraging the merits of the living nanoparticle synthesis, the impact of monomer 
flux, synthesis temperature, and precursor speciation are investigated. In the indium oxide 
system, it was found that high flux causes the growth of single-crystal, branched 
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morphologies while low flux results in uniform, faceted morphologies. With increasing 
synthesis temperature, higher monomer fluxes are required before branched structures are 
observed. A model is proposed wherein surface diffusion of reactive species plays a key 
role in dictating nanoparticle morphology. In the iron oxide system, an Fe (III) oleate 
precursor containing acetylacetonate induces multiple twin defects in 
magnetite/maghemite nanoparticles. We hypothesize that twinning results from 
insufficient Fe (II) to grow the magnetite crystal. Synthesis with a mixture of Fe (II) and 
Fe (III) in the precursor affords well-controlled crystal growth that exhibits living 
characteristics and results in nanoparticles that are nearly free of defects.  
Towards building structure-property relationships, the size-dependent magnetic 
properties of small (< 10 nm) iron oxide nanoparticles were investigated. The 
nanoparticles exhibited relatively high saturation magnetizations as a result of all but the 
very surface iron atoms of the nanoparticles contributing to their magnetism. Overall, this 
research demonstrates the sensitivity of the nanoparticle growth and structure on 
synthetic variables, and strategies to achieve highly magnetic nanoparticle cores are 
suggested. 
This dissertation includes previously published and unpublished co-authored 
material. 
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CHAPTER I 
INTRODUCTION 
 
Overview of nanoparticles 
Nanoparticles today have a reputation of being high tech and only in the most 
advanced products and applications. They’ve been presented as the material that will 
enable everything that is difficult: curing cancer,1 imaging inside the body with better 
resolution than ever before,2 purifying water,3 harvesting solar energy,4 storing energy 
from renewable sources,5 and making industrial chemical reactions easier6.  
Nanoparticles are particulates of matter—be it carbon-based, a metal, metal oxide, 
or metal chalcogenide—that are between 1 and 100 nm in diameter, which is very small. 
To put it in perspective, a particle 10 nm across is to a penny what a beach ball is to the 
planet Earth. Just because we’ve only recently been able to “see” nanoparticles, however, 
doesn’t mean that that they haven’t been around.  
Nanoparticles, in fact, have been around for a very long time7,8—likely since the 
beginning of the earth (Figure 1.1). Nanoparticles are created naturally from ocean spray 
and carbonaceous materials from fires and volcanoes. They are produced by certain 
bacteria9 and geochemical processes in bodies of water10. Arguably, humans have been 
incidentally creating nanoparticles since we first built fires, and we certainly began 
producing them in the form of pollution from industrial processes such as burning fossil 
fuels and mining.8 Thousands of years ago, as people developed a taste for art, we began 
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intentionally but unknowingly producing nanoparticles in the glazes of pottery and 
embedded in stained glass windows and ornamental vessels to form striking colors.7 The 
incredible potential of nanoparticles, however, was recognized only recently in the 20th 
century. The year 1985 marked the start of our foray into intentional, precision synthesis 
of nanomaterials: soccer ball-like structures of carbon were synthesized by a group at 
Rice University, and quantum dots (nanoparticles made from semiconducting material) 
were synthesized at Bell labs.11 
 
 
Figure 1.1. A timeline of nanoparticles on Earth. The timeline is a log plot in years ago 
from today (2019). 
 
The architecture of nanoparticles synthesized today for research and applications 
(and for the purposes of this dissertation) can generally be described as comprising a core 
and a ligand shell as depicted in Figure 1.2. The core material, typically an inorganic 
material, imparts some desired property. The core is covered with ligands, that is, 
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molecules that attach to the surface, to form the ligand shell. The ligand shell enables 
processability and it can also provide additional functionalities.  
 
Figure 1.2. General architecture of a nanoparticle consisting of a core (green) and ligand 
shell that can have different chemical functionalities (represented as X, Y, and Z). 
 
A huge attraction of nanoparticles is the core material’s size-dependent properties. 
Michael Faraday first suspected metal particulates of having different properties than 
bulk material when he was studying thin films of gold in the 1850s.12 Faraday washed his 
films with a solution and noticed the solution was faintly pink, and, when shining light 
through the solution, he observed a well-defined cone of the light beam. He figured this 
scattering of light (now known as the Faraday-Tyndall effect) was a result of particulates 
of gold too small to see.12 It would later become apparent that the color was also a result 
of the small size. 
Size-dependent properties are a result of the confined nature of nanoparticle core. 
These properties include optical and electronic properties such as the electronic band gap 
with size resulting in changes in fluorescence color in quantum dots.13 Localized surface 
plasmon resonance (LSPR) in which electrons in conductive nanoparticles oscillate with 
incoming light of a particular wavelength resulting in absorbance of that wavelength is 
another example.14 This phenomenon accounts for their color (like the pink solutions 
Core Ligand shell
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Faraday observed). Magnetic behavior also changes. At small enough sizes, a magnetic 
material will possess only a single magnetic domain instead of many as in the bulk and 
lose its ability to magnetize in the absence of an applied magnetic field. The smaller the 
particle, the greater the field that must be applied to magnetize it.15 The high surface to 
volume ratio is another source of emerging properties at the nanoscale. With small 
nanoparticles, surface atoms constitute a significant percentage of the total atoms that 
make up the particle (~50 % for a 4 nm diameter nanoparticle),16 which can result in 
differing electronic structure and chemical reactivities.17 
The ligand shell is the other important structural feature of nanoparticles. The 
ligand shell provides stability to the core preventing it from aggregating or fusing with 
other nanoparticles.18 Without it, the nanoparticle core properties would not be retained.  
The nature of the ligands will determine whether the nanoparticle disperses in polar 
media (such as water or ethanol) or nonpolar media (such as an oil or hexanes). 
Dispersing the nanoparticle will enable the nanoparticle to be delivered where needed 
such as into an organism or applied as a coating or film. The ligand shell can also impart 
additional, more complex functionalities. Chemical groups at the ends of ligands can be 
utilized to attach nanoparticles to a surface19 or to perform some other function. For 
example, a fluorescent molecule could be linked to the nanoparticle in order to track 
where the nanoparticle travels once inside a living organism.20 Together the core 
properties combined with attributes of the ligand shell can enable a multitude of 
capabilities. 
The nanoparticle architecture just described is highly complex compared to the 
particulate matter that came from natural sources and even the unknowingly human-
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engineered nanoparticles. How did we progress from natural and unintentional 
nanoparticles to the level of sophistication achievable today? Many scientific 
developments in the area of nanotechnology were necessary to reach this point.  
A small history of nanotechnology 
Nanotechnology, as defined in the National Nanotechnology Initiative Report in 
the year 2000, is “the ability to work at the molecular level, atom by atom, to create large 
structures with fundamentally new molecular organization.” It goes on to say 
“nanotechnology is concerned with materials and systems whose structures and 
components exhibit novel and significantly improved physical, chemical, and biological 
properties, phenomena, and processes due to their nanoscale size. The aim is to exploit 
these properties by gaining control of structures and devices at atomic, molecular, and 
supramolecular levels…”.21 Today, the idea of harnessing the potential of nanoscale 
structures seems ubiquitous, but it wasn’t always so.  
Nanotechnology from science fiction to reality 
The concept of nanotechnology captured the imagination of the western world in 
the mid and late 20th century. Many pinpoint Richard Feynman’s famous lecture “There’s 
plenty of room at the bottom” in December of 1959 as the birth of nanotechnology as a 
field of study. In this lecture, he implored the audience to imagine a world where the 
encyclopedia Britannica could be written on the head of a pin.22 He referenced DNA as 
the epitome of writing small. He highlighted the ability of biological components to 
function at small scales. He talked about miniaturizing the computer.22 Decades before 
this famous talk, however, science fiction novels and short stories had already exposed 
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these topics as science historian Colin Milburn points out. These works included among 
others: The Girl in the Golden Atom by Ray Cummings, “Microcosmic God” by 
Theodore Sturgeon, “Waldo” by Robert Heinlein, “Hobbyist” by Frank Russel, Needle by 
Hal Clement.23 They described ideas such as top-down construction of infinitesimally 
small materials and atom by atom assembly. Feynman’s standing as a well-renowned 
physicist lent credence to the concepts and ideas of writing and constructing on small 
scales. Furthermore, he rallied the science community to develop technologies to “see” 
what we are doing on the atomic scale, to consider these “small” ideas, and even 
proposed a high school competition towards the goal of writing small.22 
In the following decades nanotechnology caught hold. In 1974, Tokyo University 
of Science Professor Norio Taniguchi first used the term “nano-technology” in a 
conference proceedings paper.24 Physicist Eric Drexler wrote the futuristic novel Engines 
of Creation: The Coming Era of Nanotechnology in 1986. Imaging techniques were 
invented and developed that enabled the characterization and manipulation of material on 
the nanoscale. The transmission electron microscope (TEM) and scanning electron 
microscopes (SEM) first invented in the 1930s25 were gradually advanced to achieve 
better magnifying and resolving power. Today, TEMs can reach sub nanometer 
resolutions26 while also performing physical characterization such as crystal phase 
analysis, elemental analysis, and much more.27 Following initial developments of TEM 
and SEM, the scanning tunneling microscope (STM) and the atomic force microscope 
created in the 1980s28 could image and also manipulate atoms and molecules.  
On top of enabling technologies, funding took off in the year 2000 when the 
Clinton administration began the National Nanotechnology Initiative pouring millions of 
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dollars into funding opportunities.21 Academic journals emerged for nanoscale research 
specifically (Nanotechnology (1990), Nano Letters (2001), Small (2005), Nature 
Nanotechnology (2006), ACS Nano (2007), Nanoscale (2009), etc.). Key discoveries and 
experiments now mark the milestones in the progression of nanotechnology. Smalley et 
al. first synthesized buckminsterfullerene (the soccer ball-like carbon structure) in 1985, 
which attracted the 1996 Nobel prize in chemistry.11 In 1991, Iijima discovered carbon 
nanotubes,29 and in 1993, IBM’s Almaden Research Center created a “quantum corral”—
a circle of 48 iron adatoms nudged into a circle on a copper surface—using an STM.30 In 
the area of inorganic nanoparticle synthesis, the highly effective method known as the 
hot-injection technique to create semiconductor nanoparticles with low size dispersity 
was published by Bawendi et al. in 1993.31 
Today, academic articles motivate nuanced research with exceptionally 
sophisticated applications. Many of these applications demand very specific nanoparticle 
properties that result from the nanoparticles possessing specific size and structure. For 
example, magnetic nanoparticle imaging in living organisms that utilizes the 
superparamagnetic behavior of iron oxide nanoparticles.32,33  Similarly, tumor destruction 
by heating of magnetic nanoparticles with alternating magnetic fields (known as 
hyperthermia),34 or using quantum dots as bright and robust fluorescent cell labelling.35 
Advances and shortcomings in nanotechnology 
Yet, a look at currently available products leave a lot to be desired. The latest 
Consumer Product Inventory (CPI) put out by the Project on Emerging Nanotechnologies 
in 2015, demonstrated a chasm between the highly sophisticated nanomaterials and 
applications extolled in the academic literature and nanotechnology that is actually 
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available on the market. Less than 2,000 products could be identified that contain some 
sort of nanotechnology.36 In these products, nanoparticles typically provided passive and 
simple functions.36 For example, the largest category of nanotech products belonged to 
“health and fitness” mainly in the form of functionalized textiles or equipment to impart 
anti-microbial or protective coatings, and also included a rather disconcerting number of 
ingestible supplements.36 Why is there such a large discrepancy between the literature 
and the real world? 
There are several likely reasons. One possible source of the discrepancy has to do 
with marketed visibility or, rather, invisibility. Public perception of risk around 
nanoparticles is higher than that of academics or government officers.37 This fear is 
reflected in media references. In the animated series Futurama, “nanobots” (that resemble 
tiny army tanks and originally intended to purify water) fabricated by the character 
Professor Farnsworth learn to self-replicate and take over a planet.38 Similarly, in the 
graphic novel Singularity 7, “nanites” gain the ability to self-replicate and then 
breakdown all living things that.39 These concepts stem from Drexler’s rather unfortunate 
forewarnings about nanomachines from his 1986 book Engines of Creation.23 Other 
concerns from the public stem from unintended consequences in other realms of chemical 
technologies such as the persistence of DDT in the environment,40 fluorocarbons that eat 
away at our atmosphere,41 and asbestos that causes lung damage and cancer.42 With this 
in mind, there is not much impetus for products containing nanotechnology to strongly 
advertise that fact. 
In some areas of nanotechnology, there may not be such a large discrepancy 
between high expectations and real products. The authors of a report on the CPI noted 
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that the electronic category (laptop computers, tablets, and game consoles, for example) 
was notably small but also may be underrepresented as a result of intellectual property. 
The electronics category included many computer components, such as computer 
processors and memory, that enable a wide variety of personal electronics. It is arguable 
that nanotechnology is, in fact, ubiquitous and has already changed our world 
dramatically. In the words of LANL director of center for integrated nanotechnologies 
Terry Michalske, “We can do things we can’t imagine right now”.23  
It seems that the products and applications that have progressed and excelled (i.e. 
those in the electronic category) are those that utilize top-down manufacturing methods. 
Top-down productions involve manipulations to existing material with various 
techniques that directly operate on a material. For example, transistor devices created 
from photolithography and selective etching or direct electron beam lithography of a 
resist film to create nanoscale features. 
The products and applications lagging in the sophistication that was promised in 
the literature are relegated to bottom-up manufacturing. Bottom-up methods involve 
controlled synthetic approaches to develop the nanoscale architecture from molecular or 
atomic components. Nanoparticle synthesis is a prime example of a bottom-up procedure. 
A nanoparticle synthesis produces an ensemble of particles from the reaction of 
molecular components. If the reactions involved are not well-controlled, then the 
nanoparticle product will not be well-controlled. The sophisticated applications that take 
advantage of attributes like size-dependent properties require syntheses with excellent 
command over nanoparticle size. 
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However, size isn’t the only important feature. The nanoparticle core comprises 
many different structural characteristics (Figure 1.3) each of which can influence 
properties. The core could have any of a variety of shapes such as spherical, plate-like, 
rod-like, branched, or some type of faceted polyhedron. If the nanoparticle is being used 
in a catalytic role, the specific shape could impact its performance.43 The crystal phase in 
the nanoparticle can influence properties such as magnetism44 as can defects in the 
crystal.45 Some defects are desired, such as oxygen vacancies in Sn-doped indium oxide 
to increase conductivity for example.46 If there is a mix or a broad dispersion of one of 
these characteristics in a nanoparticle ensemble, then the properties of the ensemble will 
also vary. 
 
Figure 1.3. Structural features of a nanoparticle core that can influence properties.  
 
A successful nanocrystal synthesis must reproducibly yield the desired 
nanocrystal size, shape, crystallinity, and phase. This is a difficult task considering the 
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large and nuanced parameter space affecting particle formation and growth. The 
nanoparticle crystal structure is sensitive to synthesis conditions such as the nanoparticle 
growth rate, synthesis temperature, or speciation of starting materials. For this reason, it 
is important to build an understanding of the molecular level processes of nanoparticle 
formation and growth. 
Metal oxide nanoparticles 
It is well-worth the effort to develop synthetic methods for metal oxide 
nanoparticles specifically. Metal oxides tend to be abundant on Earth and, consequently, 
are inexpensive.47 There is a vast number of current and potential applications for metal 
oxide nanomaterials that range from the pigments and cosmetics to environmental 
remediation and energy harvesting. Nanostructured metal oxides can be used in sensing 
applications,48 as photocatalysts,49 in the biomedical field,50 and in environmental 
remediation51. Currently, nanostructured TiO2 is used in self-cleaning coatings, ZnO is 
used as pigments in paints,51 and CeO2 is widely used in catalytic converters52. Many of 
the previously mentioned nanoparticle applications utilize metal oxide nanoparticles (for 
example, magnetic particle imaging and hyperthermia).  
Because interest in nanoparticles came largely out of size-dependent properties, 
and, therefore, size-tunable properties, the size control was and continues to be the focus 
of nanoparticle synthesis methods. A generalized understanding of nanoparticle 
synthesis, known as classical nucleation theory, has been put forward time and again in 
the literature to describe nucleation and growth of nanoparticles. It stems from work by 
LaMer and et al. on their study of sulfur sols.53 
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Classical nucleation theory 
Classical nucleation theory describes how a fast and brief nucleation event can 
result in a uniform size distribution of nanoparticles. To summarize the theory, a 
precursor molecule (P in Figure 1.3) converts to some monomer (M in Figure 1.3) 
species. The concentration of monomer builds up to saturate the solution before finally 
nucleating because of a relatively large energy barrier to nucleation. This energy barrier 
is estimated by considering the difference between the (favorable) volume free-energy 
and (unfavorable) surface energy. When monomer concentration surpasses some critical 
concentration ([M]crit in Figure 1.4), nucleation of nanoparticles occurs. The radius at 
which particle formation becomes favorable is called the critical radius. The critical 
radius and nucleation barrier can be used to estimate a nucleation rate. Generally, 
nucleation rate will increase with increases in temperature and supersaturation level but 
will decrease with surface energy.54 Assuming the temperature and the surface energy are 
constant, rapid decrease in monomer concentration as it converts to nucleated particles is 
relied upon to cease the nucleation period. 
 
Figure 1.4. Nanoparticle nucleation and growth according to classical nucleation theory. 
Plot of monomer, [M], as a function of time. The generic reaction equation shows 
precursor (P) converting to M (red dots) which forms nanoparticles (NP, blue squares).  
[M]crit
[M]sat
Time
[M]
M
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Growth ensues thereafter from the reservoir of monomer solution that is no longer 
saturated enough to nucleate new particles. Thus, addition of monomer onto the existing 
nuclei occurs. Nanoparticle growth will occur up until the concentration of monomer 
drops to the saturation of the solvent ([M]sat). If monomer concentration drops too low, 
then dissolution from the surface of nanoparticles back to monomer will occur. 
Specifically, smaller particles that are less favorable because of their higher surface 
energy will tend to dissolve. The excess monomer may then grow onto larger particles. 
This process of small particles shrinking and larger particles growing is called Ostwald 
Ripening.55  
Together the concepts of nucleation and growth from classical nucleation theory 
can help us understand the nanoparticle size achieved from syntheses. The number of 
nuclei formed is the main factor dictating the final size of the nanoparticles. If relatively 
few nuclei form, each one will consume more monomer from the left-over reservoir and 
be larger compared to the case when many nuclei form. 
Classical nucleation theory has recently come under scrutiny (more discussion on 
this in Chapter VII), but it put forth useful concepts that apply to most nanoparticle 
syntheses. First is the idea that an intermediate species (monomer) forms from precursor, 
which is language commonly used in the literature and will be used in the remainder of 
the dissertation. Second is the idea of separating nucleation from growth in order to 
produce nanoparticles with narrow size dispersions. If nanoparticles are forming 
throughout the entire nanoparticle synthesis then nanoparticles formed early will be much 
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larger than ones formed towards the end, and the nanoparticle ensemble will have a broad 
size distribution.   
Heat-up methods: thermal decomposition and ester elimination chemistries 
The most common type of metal oxide nanoparticle synthesis in the literature is 
the heat-up method. In the heat-up method, starting materials such as metal precursor, 
stabilizing ligands, and solvent, are put in a reaction flask together and heated at a 
controlled rate to high temperatures. Several factors can influence the approximate 
nanoparticle size achieved: the temperature ramp rate,56 the reflux temperature,57,58 and 
the ligand concentration59 among other things. There are two main reaction chemistry 
scaffolds that produce narrow size dispersions of metal oxides in the literature: thermal 
decomposition syntheses and ester-elimination (or amide-elimination) syntheses.  
In thermal decomposition procedures, metal precursor (typically a metal oleate) 
and excess ligand (typically oleic acid) are heated to reflux temperatures (typically 
290 °C or greater) in high boiling point solvents such as octadecene. At these high 
temperatures, bond homolysis of metal carboxylates occurs yielding radical species:60 
LxM—OOCR à LxM• + RCOO•  (1) 
LxM—OOCR à LxMO• + RC•O  (2) 
Radical species then react with one another or other precursor to begin forming metal 
oxide bonds of the nanoparticle.  
In ester or amide-elimination syntheses, metal carboxylates react with alcohol or 
amine to produce an ester or amide and a metal hydroxide species (equation 3) followed 
by condensation of the metal hydroxide species to form metal oxide bonds (equation 
4).61,62 
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LxM—OOCR +R’OH à LxM—OH + R’OOCR  (3) 
2LxM—OH à LxM—O—MLx + H2O   (4) 
In these types of syntheses, the temperature doesn’t have to be as high as for thermal 
decomposition syntheses and is typically well below 300 °C. 
While thermal decomposition syntheses have resulted in impressively narrow size 
dispersions of nanoparticles, they suffer from significant drawbacks. The monomers are 
radical species which react rapidly and indiscriminately with each other, precursor 
molecules, and likely solvent. The high temperatures employed in inert environments 
create a reducing atmosphere as a result of solvent decomposition63 or as a result of metal 
precursor break down.60 The highly reductive environments can affect the metal oxide 
phase even producing metal particles in some cases.64 Furthermore, reactions involving 
the solvent can affect the nanoparticle formation and growth in unanticipated ways.65,66 
Studying the thermal decomposition literature of iron oxide nanoparticles 
demonstrates that size isn’t the only important structural feature. In 2004, Hyeon et al. 
demonstrated size dispersions of less than 5% (that is, one standard deviation divided by 
the average size) in iron oxide nanoparticles in a highly cited article in Nature.57 Using 
this synthesis method resulted in researchers reporting magnetic properties of what they 
thought were magnetite (the ferrimagnetic phase) iron oxide nanoparticles when the 
nanoparticles were, in fact, contaminated with the more reduced paramagnetic wüstite 
phase.67 Studies to explore the source of the unusual magnetic properties of wüstite-
contaminated nanoparticles ensued.68 
Ester or amide-elimination routes, on the other hand, can be carried out in milder 
conditions alleviating issues observed in thermal decomposition methods. Reactive metal 
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hydroxides form and produce nanoparticles at relatively low temperatures (< 260 °C) that 
thermal decomposition cannot access.69 Undesired reduction of metal oxides can be 
avoided and well-defined chemical routes lead to more predictable syntheses.70,71 
Slow addition methods 
Chemistry aside, slow addition methods are an alternative to the heat-up methods 
and provide their own set of values. In slow addition methods, metal precursor is added 
(usually with a syringe pump) at a slow, controlled rate into a reaction flask containing 
solvent at elevated temperatures. One advantage that slow addition methods offer is 
eliminating the fate of final nanoparticle size on the nanoparticle formation event. In a 
heat-up method, the number of nanoparticles that form will dictate the resulting 
nanoparticle size. As the nanoparticle formation event is highly sensitive to reaction 
parameters such as, temperature, concentration of monomer, surfactants present,54 and 
nuances of precursor preparation,72 it can be difficult to reliable produce a specific 
desired nanoparticle size. In a slow addition synthesis, the number of nanoparticles 
formed is still sensitive to reaction conditions, but the final nanoparticle size can be 
dictated by the amount of precursor added.  
Additional advantages amount from the ability to study the nanoparticles 
throughout the synthesis. Because nanoparticle growth occurs over the time of the 
precursor addition, samples of reaction solution can be taken and analyzed offering 
snapshots at different stages of the synthesis.73 The precursor addition rate can be 
adjusted as well, which can enable the study of how different growth rates and 
temperatures affect the nanoparticles.  
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Combining ester-elimination chemistry with the slow addition approach 
The Hutchison lab has developed a metal oxide nanoparticle synthesis that 
combines the merits of the slow addition method with ester-elimination chemistry. Slow 
addition of a metal oleate precursor into hot oleyl alcohol (typically 230 to 290°C) leads 
to the continuous, controlled growth of nanoparticles. Oleyl alcohol serves as both a 
solvent and a reagent. Because alcohol is present in a large excess compared to the metal 
oleate precursor, esterification (and, therefore, metal hydroxide formation) reaction 
kinetics are pseudo first order thereby simplifying the variable space. Normally, water 
formed as a byproduct of metal hydroxide condensation would be an issue at these 
temperatures—causing rapid evaporation and bumping—but under these circumstances, 
water formation is slow due to the slow addition of precursor.  
The slow addition approach makes the synthesis adaptable to different reaction 
conditions and metals, which the Hutchison lab has exploited. This adaptability is 
possible because the precursor addition rate limits nanoparticle growth rather than the 
reactant concentrations and reactivities. Thus, addition rates can be tuned as needed to fit 
different reaction conditions and materials. We have developed the indium and iron 
systems to have excellent control over nanoparticle growth (as will be demonstrated in 
later chapters) because of this attribute of the slow addition synthesis. In doped indium 
oxide syntheses, dopant incorporation efficiency is high and leads to an even distribution 
of dopant throughout the nanoparticle74,75 since the incorporation of dopant metals and 
matrix metals is not dictated by the variable reactivities of the metal precursors. 
Adjustment of the precursor addition rate also allows controlled nanoparticle growth at 
different temperatures under similar reaction chemistry, which may sound 
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straightforward but isn’t. In heat-up methods, the synthesis temperature is set by the 
solvent boiling point. Using different solvents leads to the introduction of another 
influencing synthetic variable since solvents can affect the precursor reactivity and the 
redox environment.65 The slow addition methods can be carried out with the same solvent 
at different temperatures because the addition rate of the precursor can be adjusted to 
accommodate the slower (at lower temperatures) or faster (at higher temperatures) 
precursor to monomer conversion. 
Characteristics of the reaction chemistry compliment the slow addition approach. 
The large excess of alcohol available drives esterification forward to create the reactive 
metal hydroxides, which readily condense at the temperatures used for synthesis (above 
200 °C). As a result, the synthesis has high reaction yields (typically above 90%). 
Additionally, esterification and condensation chemistry are irreversible, so etching or 
dissolution from the surface of the nanoparticle is typically not observed. There is little 
opportunity for bond hydrolysis since water generated during condensation is quickly 
driven off. Excess ligand, which may have the ability to etch nanoparticles, is not readily 
available since it is consumed by esterification. The stability of the nanoparticles after 
growth processes also contributes to the high reaction yields. 
Together, the slow addition rate and high reaction yield enable a unique and 
powerful way to analyze the nanoparticle synthesis. By removing and characterizing 
aliquots of the reaction liquid throughout a synthesis, a plot of nanoparticle size as a 
function of precursor consumed can be constructed. The nanoparticle size in an aliquot 
removed at a particular time is correlated to an amount of precursor added to the reaction. 
The amount of precursor added can be assumed to be the amount of precursor consumed 
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since the reaction yield is high (due to the esterification/condensation chemistry) and 
nanoparticle growth is being limited by the slow addition. A plot of size, specifically the 
nanoparticle volume, versus precursor consumed enables evaluation of the synthesis. This 
concept is explored in Chapters II and III. If the number of nanoparticles growing during 
synthesis is stable, then the plot can be used in a predictive manner. One could calculate 
how much precursor to add in order to grow a desired nanoparticle size.  
While size control is important, so are other qualities of the nanoparticle core 
structure (as highlighted in Figure 1.3 and above discussions). Previous work in the 
Hutchison lab has explored and demonstrated excellent composition control. Much of this 
dissertation leverages the unique attributes of the slow addition synthesis to study 
morphology and defect control by examining growth processes. 
Dissertation overview 
This dissertation will explore nanoparticle growth, structure property 
relationships, and the utilization of nanoparticles in nanocomposites. Chapter II 
introduces a new way to consider and classify nanoparticle synthesis methods 
highlighting the slow addition synthesis developed in the Hutchison lab. Chapters III and 
IV leverage the advantages of the slow addition synthesis to study nanoparticle growth of 
indium oxide and iron oxide nanoparticles. Chapter V examines size-dependent 
magnetization by utilizing the well-controlled growth of small spinel iron oxide 
nanoparticle. Chapter VI is an attempt to bring nanoparticles closer to real-world 
communications applications by developing high permittivity and high permeability 
nanocomposite inks and 3D printing techniques.  
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Chapter II highlights the similarities between certain types of nanocrystals 
syntheses and living polymerization chemistry. This chapter defines attributes of living 
nanocrystal syntheses and classifies syntheses put forth in the literature with respect to 
these attributes. It goes on to discuss the implications for structural control over 
nanocrystal growth and the progress that’s been made in the Hutchison lab with the slow 
addition synthesis which embodies the concept of living growth. This work was written 
by Adam Jansons and myself with the guidance of Jim Hutchison. 
Chapter III explores how nanocrystal growth is influenced by the flux of 
monomer species and the synthesis temperature in indium oxide system. The living 
growth attributes highlighted in chapter II are leveraged to study the aspects of 
nanocrystal growth that are not possible to examine directly in other types of syntheses. 
In particular, we explored the effect of monomer flux to the nanoparticle surface and 
synthesis temperature. Going beyond just control of nanocrystal structure, we develop an 
understanding of the molecular mechanisms at play during growth to yield particular 
nanocrystal structures. Towards this end, we developed a metric, the perimeter to 
diameter (P/D) ratio in order to assess nanoparticle morphologies. We found that at any 
particular synthesis temperature, increasing monomer flux increased the degree of 
branching. However, the higher the temperature, the less sensitive nanocrystal 
morphology was to the monomer flux. We propose this is due to the ability of monomer 
species to migrate on the nanocrystal surface. The results and our conclusions have 
implications for heat-up and hot-injection syntheses where monomer concentrations 
gradually diminish towards the end of nanocrystal growth period and contribute to 
faceting. This synthetic work and characterization were carried out by myself, Brandon 
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Crockett, and Makenna Pennel with concepts of the work informed by Kris Koskela and 
Adam Jansons. Brandon Crockett, Makenna Pennel, and myself wrote the manuscript 
with guidance from James Hutchison. 
Chapter IV examines the effect of ligation and iron oxidation state in the iron 
precursor on the production of twin defects in iron oxide nanoparticles. Iron oxide 
nanoparticle syntheses are highly studied because of their promise for a wealth of 
applications but also complicated owing largely to the variable oxidation state of iron 
under common synthesis conditions. The continuous/slow addition synthesis using an Fe 
(III) oleate precursor yielded magnetite nanoparticles with a variety of morphologies, 
which was a result of twinning defects formed early in nanoparticle formation and 
growth. Based on the studies in this chapter and structural analyses in the literature on 
twin defects, Fe (III) acetylacetonate species appear to be more difficult to reduce 
compared to pure Fe (III) oleate. We believe this redox behavior leads to twin defect 
formation. This discovery was utilized to demonstrate continuous, living growth when a 
mixed oxidation state precursor is used and highly twinned nanoparticles when a greater 
degree of acetylacetonate is ligated to the Fe (III) precursor. This synthetic work in this 
chapter was carried out by myself and Kiana Kawamura. It was written by myself with 
the guidance of Jim Hutchison and is intended to be submitted for publication.  
Chapter V utilizes the well-controlled synthesis of small (< 10 nm) iron oxide 
nanocrystals with the Fe (II) rich oleate precursor to examine size-dependent magnetic 
properties. The nanoparticles were highly crystalline, possessed the spinel crystal 
structure, and were primarily the maghemite crystal phase. The magnetic properties were 
exemplary, exhibiting higher saturation magnetizations than most similarly sized 
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nanocrystals. When modelling the magnetization curves using the Langevin function, the 
effective magnetic size is nearly commensurate with the physical size. By our 
estimations, a non-magnetic surface layer exists that is less than 0.2 nm thick, which is 
much thinner than the literature reported previously. These results suggest that attributes 
of the synthesis—namely, slow growth with well-defined chemical route—are 
responsible for the high degree of magnetism. This chapter was written by myself, Susan 
Cooper, and Pallavi Dhagat with direction and assistance with Jim Hutchison and Pallavi 
Dhagat. Synthetic work and physical characterization were carried out by myself, Susan 
Cooper, and Alexia Cosby. Magnetic characterization was carried out by Philip Lenox, 
Albrecht Jander, and Pallavi Dhagat.  
In Chapter VI, nanoparticles are bridged towards communications applications by 
producing nanocomposite plastics via 3D printing techniques with the aim of tuning 
dielectric permittivity and magnetic permeability in the composite. Two approaches were 
taken towards producing the nanocomposite: 1) by polymer particle bed infiltration and 
fusing; 2) by inkjet printing a polymerizable nanocomposite ink. To develop inks, 
BaTiO3 nanoparticles and synthesized hexaferrite nanoparticles were surface 
functionalized with acrylic acid and disperse in diethylene glycol diacrylate monomer. 
The nanocomposite ink was alternately printed and cured with UV light layer by layer to 
produce a nanocomposite film using a Dimatix 3D materials printer. Nanoparticle 
loadings up to 20 % by weight were achieved with the inkjet printing. To achieve higher 
loadings, cured samples were prepared by hand for the purposes of measurements. 
Increasing BaTiO3 loading increased permittivity of the composite. Hexaferrite 
composite showed only limited permeability. The difference between the composites and 
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matrix alone was not high, so future work should aim to increase nanoparticle loadings 
by inkjet printing as well as identify and synthesize more appropriate materials. Jim 
Hutchison, Pallavi Dhagat, and Albrecht Jander conceptualized this work. Khalid 
Masood performed simulations. Tatiana Zaikova and I performed synthetic work for the 
inkjet printing of polymerizable nanocomposite ink approach while Jim Stasiak, Paul 
Harmon, and Thomas Allen performed work for particle bed infiltration and fusing 
approach. This work was written by all listed. 
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CHAPTER II 
LIVING NANOCRYSTALS 
 
This chapter was previously published as Jansons, A. W.; Plummer, L. K.; and 
Hutchison, J. E. Living Nanocrystals. Chem. Mater. 2017, 29, 5415–5425. 
 
Introduction 
Nanoparticles and nanocrystals hold promise as breakthrough materials for many 
exciting new applications because of their unique size-dependent properties.  During the 
last several decades, new applications have been reported across nearly every 
technological sector, including human health,1 electronics,2,3 optics,4,5 energy storage and 
production,6 chemical catalysis,7 and sensing.8  New synthetic methods have been 
developed to gain access to nanomaterials needed for these applications, facilitating 
broader adoption.9–17  Each new generation of applications demands higher performance 
nanomaterials, requiring more precise control over the structural features that dictate 
properties and performance – core size, composition, and surface chemistry. In many 
cases the pioneering synthetic methods used to discover new materials and applications 
don’t offer the required level of precision.  Thus, new applications drive the need for 
synthetic approaches that offer greater control of the atomic-scale structure and 
composition of the nanoparticle building blocks.  
Some of the most transformative approaches to material synthesis are those that 
permit atomic level control over composition and structure.  For example, vapor-phase 
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synthetic methods, e.g., atomic layer deposition and molecular beam epitaxy, achieve 
such resolution in the case of inorganic thin films.18,19 Advances in vapor phase synthetic 
methods have afforded access to kinetically-stable compounds, in addition to traditional 
thermodynamically stable products, and greatly increased the number of structures and 
properties that can be obtained with a specific stoichiometry.20,21 Such synthetic methods 
offer an invaluable approach to control the properties of solid-state materials for 
demanding applications. The same level of control in liquid phase colloids has been much 
slower to develop.  Perhaps the two best liquid-phase examples from materials chemistry 
are biomineralization mechanisms22 and polymerization reactions.23   
There have been many advances in nanocrystal and nanoparticle synthesis during 
the last decade; however, most of the commonly employed synthetic methods offer far 
less structural control than the well-honed reactions employed for small molecule or 
polymer synthesis.  Developing methods to synthesize nanomaterials with uniform core 
sizes and specific composition with intentionality and reproducibility will enable research 
on the interplay of size, composition, and structure, as well as facilitate the translation to 
commercial application. The challenge in gaining such control with colloidal nanocrystal 
syntheses is understandable and expected – a nanocrystal synthesis must manage the 
complexities of nucleation and growth in solution,24 and is further burdened by size- and 
structure-dependent surface energies.  One approach to addressing these challenges is to 
take inspiration from macromolecular strategies where precise synthetic methods have 
provided dramatically improved structural control. 
Our group recently discovered a new synthetic method to produce metal oxide 
nanocrystals that is analogous to, and inspired by, living polymerization methods. It 
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allows unprecedented control over nanocrystal composition and structure.  In this 
perspective, we discuss the synthetic challenges that can be overcome by adopting 
synthetic approaches to nanocrystals that leverage the attributes of living polymerization 
methods, with an emphasis on the production of metal oxide materials.  We first discuss 
how commonly employed synthetic methods fit within the definition of a living growth 
synthesis. We highlight the fine control that is possible with living growth, namely, 
nanocrystal core size, nanocrystal dopant composition, and the radial position of dopants 
within a host material.  We discuss the implications for the production of core/shell 
nanocrystals using this approach, and finally note future opportunities to discover, 
understand and develop living growth methods. 
Living Synthetic Approaches to Macromolecules, including Nanocrystals 
The discovery and development of living polymerization made it possible to 
control polymer structure and molecular weight and to understand how each of these 
influences physical properties, including viscosity, glass transition temperature, and 
osmotic pressure of polymer solutions.23,25 Understanding these properties led to, among 
other things, the development of thermoplastics, non-leaking battery solvents, and an 
understanding of important biological phenomena.25 Living growth approaches forever 
changed polymer science.25,26  
In living polymerizations, the same number of polymer chains remain present 
during propagation (growth) steps, chains propagate at the same rate, and chains do not 
self-terminate (stay living), which allows for the simple production of advanced 
structures through the addition of a chemically different reactive monomer.27  Irreversible 
chain addition reactions, which prevent monomers from detaching from existing chains, 
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and reactive sites that prevent random chain termination are also key features of living 
polymerization.25 An important hallmark of a living process is a linear correlation 
between the molecular weight of a polymer and the extent of monomer conversion; a 
phenomenon that allows predictable control of molecular weight with very fine resolution 
(Figure 2.1).  Furthermore, monomer consumption is often near 100%, which contributes 
to the high level of predictability and control. 
 
Figure 2.1. a) The reaction cycle shows the general steps of a living process either for 
polymerization (orange lettering) or nanocrystal growth (green lettering). Starting 
materials initiate (or nucleate) to form species with a reactive site. Addition of monomer 
to this reactive site results in the generation of another reactive site (referred to as 
propagation or growth). In a living system, growth is indefinite, and proceeds without 
termination or passivation. b) Examples of a nanocrystal (green) or polymer (orange) that 
would result from the general scheme in a. c) A growth curve for a polymer or 
nanocrystal.  Living growth is characterized by a linear correlation between monomer 
consumption and polymer molecular weight (for polymers), or a linear correlation 
between monomer consumption and nanocrystal volume (for nanocrystals). 
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Analogies between polymers and nanocrystals have been described.14,28,29 Indeed, 
synthetic polymers and nanoparticles share many characteristics: not only do the 
properties of both materials depend on their size (or molecular weight) and composition, 
they are also characterized and described in much the same way - by type, average size, 
and polydispersity. The terminology of polymer chemistry and nanoparticle chemistry 
has many parallels (Table 1).  A living approach to nanocrystal synthesis might possess 
attributes similar to living polymerization; it could produce product with low size 
dispersions, support further growth with additional monomer (i.e. not be limited in size), 
and result in high yields (i.e. precursor/monomer should be nearly completely consumed).  
Growth could be controlled precisely (e.g., layer-by-layer) in an intuitive manner 
involving living growth on the surface rather than undesirable processes, such as new 
nucleation, ripening or coalescence, that (often) lead to a loss of synthetic control.  Such 
living growth processes would offer a deliberate approach to assembling complex 
nanoscale structures. 
Despite the analogies between polymers and nanocrystals, an important difference 
is the organic/inorganic interface.  In the inorganic systems, surface chemistry will play 
an important role in any living growth process.   Most nanocrystals are stabilized by 
surfactants (or ligands) during the growth process.  If the ligands are too weakly bound, 
the nanocrystal will be prone to coalescence, whereas ligands bound too strongly will 
impede growth. Having proper surface reactivity, with labile surfactants and maintenance 
of reactive (living) sites for monomer addition, allows propagation of growth on the 
particle surface. Alternatively, a surface that is too stable, with strongly bound surfactants 
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and/or the absence of reactive sites will not be conducive to epitaxial growth.  As a result 
of a more stabilized surface, any growth will result in polycrystalline nanoparticles and/or 
monomer will accumulate in solution, ultimately leading to new nucleation events and a 
dispersion of sizes.   
 
Table 2.1.Analogous concepts and terminology between polymers and nanoparticles.   
 Polymer synthesis Nanoparticle synthesis 
Analogous 
Terminology 
Chain Particle 
Initiation Nucleation 
Propagation Growth 
Chain termination Particle passivation 
Block copolymer Core/shell particle 
Random copolymer Doped particle 
Similar 
Terminology 
Size 
Dispersity 
  
 
Given the transformative nature of living polymerization methods, and the 
striking similarities between nanocrystals and polymers, obvious questions arise; do 
nanocrystal synthetic methods exist today that share the important attributes of living 
polymerization? How can one identify existing synthetic methods as living, or develop 
living synthetic methods for nanocrystals?  If living approaches exist, to what degree can 
they be leveraged for improved composition and structural control?  Below we analyze 
 
30 
 
common methods of nanocrystal synthesis with a lens towards identifying living 
processes, and defining their synthetic prerequisites, behaviors, and outcomes. 
The hunt for living growth methods 
Currently many liquid-phase synthetic methods exist for the production of 
nanocrystals, including (but not limited to) aqueous reduction, aqueous sol-gel, non-
aqueous sol-gel, hydrothermal/solvothermal, thermal decomposition, and hot-
injection.9,13,30–32 Of those commonly employed for the production of monodisperse oxide 
nanocrystals, methods that take place in high-boiling organic solvents, including heat-up 
and hot-injection methods, are utilized the most.33  Under these conditions, the key 
requirements for the production of uniform nanoparticles are thought to be the separation 
between nucleation and growth phases as outlined by LaMer24 and the management of 
aggregation or Ostwald ripening (or “defocusing” events).34  
At first glance, seeded growth methods mirror living growth processes.14,35–41 
Seeded growth techniques are applicable for a wide variety of semiconducting and 
metallic structures and have been successfully utilized to tune nanocrystal size for 
decades, sometimes with fine resolution.35  In these methods, growth might take place 
through either heterogeneous nucleation on the particle surface or through discrete 
monomer addition to surface reactive sites, but the details are typically unknown. If a 
seeded growth synthesis is “living”, one would expect the addition of more monomer to 
result in a predictable increase in core size (i.e. proceed with no aggregation, ripening, or 
new nucleation).  In the majority of seeded growth literature, the number of particles 
present during the growth stage(s) or the expected size increase with precursor addition is 
not reported (with few exceptions36,42). Living syntheses should produce single crystal, 
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homoepitaxial nanocrystals, which suggests monomer adds to a reactive surface instead 
of heterogeneous nucleation on the particle surface.  It is often unclear in the seeded 
growth literature whether particles are single crystals. A recent study on the magnetic 
properties of iron oxide found that nanocrystals obtained from seeded growth methods 
produced strained regions in the nanocrystal, leading to anomalous magnetic properties.43  
Finally, in living growth, monomer addition onto a crystal is an irreversible reaction, thus 
the rate of dissolution of monomer from the crystal surface should be negligible.  As a 
result, no change in particle size or dispersion is expected upon annealing.  Table 2.1 
outlines the prerequisites, synthetic attributes, and outcomes of living nanocrystal 
syntheses. 
Slow addition of reagent to preformed seeds can result in monodisperse 
nanocrystals of metals, oxides and semiconductors.42,44–47 Some of these may be living 
growth processes, although it is difficult to know because predictions about expected 
nanocrystal sizes are not typically given, and size sorting processes (like size selective 
precipitation) are frequently utilized.  The need for size selection implies that new 
nucleation has occurred during the growth process. 
The Huber group found that size of iron oxide nanoparticles could be controlled 
predictably with sub-nanometer precision through the slow addition (3 mL/hr) of iron 
carboxylate into hot docosane and oleic acid.44  Using small-angle X-ray scattering 
analysis (SAXS) they showed a linear correlation between nanocrystal volume and 
precursor addition (expected for living processes, Figure 2.1), and were able to grow 
nanocrystals to “arbitrarily large sizes.”  The reaction presumably proceeds through a 
type of thermal decomposition mechanism given that the reaction temperature (350˚C) is 
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well above the thermal decomposition point of the iron oleate precursor (onset ~200-
240˚C).48 The study is a tremendous advance in the synthesis and size control of iron 
oxide nanocrystals.  However, there is still much to learn about this growth process: Is 
new monomer being incorporated by surface reaction(s), or is heterogeneous nucleation 
the cause for the observed growth behavior?  Further, is there particle ripening upon 
annealing? 
Table 2.2. Connection between prerequisites, synthetic attributes and outcomes for living 
growth nanocrystal synthesis. 
Prerequisites Synthetic attributes Outcomes 
• Maintenance of 
reactive surface 
(no surface 
passivation) 
• Constant number 
of growing species 
• Non-reversible 
monomer addition 
• Predictable, linear growth of 
core molecular weight 
(volume) with monomer 
consumed 
• Addition of more monomer 
results in further growth  
• No ripening upon annealing 
• High yield 
• Highly tunable size 
with narrow dispersity 
• High level of control 
over structure & 
composition 
• Single crystal particles 
 
 
Our group recently discovered a synthetic route that embodies the attributes of a 
living growth process outlined in Table 2.1.  Slow addition of metal carboxylates into 
oleyl alcohol at temperatures below the thermal decomposition point of the precursor 
affords a large variety of metal oxide nanocrystals (including In2O3, γ-Fe2O3, Mn3O4, 
CoO, and ZnO).49  The reaction proceeds via the esterification of metal oleates to produce 
metal hydroxides, which then condense onto the particle surface (Figure 2.2).   We were 
initially surprised by several aspects of this synthesis. It seemed particularly unusual that 
the slow addition of reagents produced single crystalline, monodisperse nanocrystals in 
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very high yield (often >90%).  One would normally expect the addition of more metal 
precursor to result in the new nucleation of nanocrystals, which would significantly 
increase the size distribution. Because the method produces monodisperse nanocrystals, 
we sought to understand the growth mechanism. 
Using In2O3 as a model system, and a combination of transmission electron 
microscopy (TEM) and small-angle X-ray scattering analysis (SAXS), we investigated 
how nanocrystal size, size dispersion and shape evolved as a function of metal precursor 
addition.  With SAXS, we could also investigate the number of nanocrystals present in 
solution.  We found that nanocrystal volume grows linearly with the amount of precursor 
added (Figure 2.2) and the number of nanocrystals present during this time is constant. 
These findings suggest that growth proceeds through a living process.50  Even more 
extraordinary, the nanocrystals can be left in reaction solution at elevated temperatures 
for hours without a change in the average size or size dispersion, and are susceptible to 
further predictable growth upon addition of monomer after this “annealing” period.  
Since the publication of this finding we have reliably made nanocrystals from three to 
more than 30 nm in diameter in gram quantities and have yet to find a maximum size that 
can be produced. We believe this growth mechanism is sustained by hydroxyls 
continually present on the nanocrystal surface, and reactive hydroxyls produced via the 
esterification of metal oleates with oleyl alcohol (Figure 2.2). 
 
 
34 
 
 
Figure 2.2. a) Schematic representation of our living growth synthesis of metal oxide 
nanocrystals.  Slow addition of metal oleate promotes metal hydroxide formation leading 
to initiation of nanocrystal growth.  Nanocrystals continue to grow during propagation as 
additional monomer is added.  Metal hydroxyls on the nanocrystal surface support a 
living growth mechanism. (b)  SAXS data taken during the synthesis of In2O3 
nanocrystals. We found a linear correlation (R2 = 0.998) between the nanocrystal core 
volume (e.g. core molecular mass) and the amount of metal precursor added to the 
reaction flask.  Analogous to a living polymerization reactions, this synthetic method 
allows access to particle sizes with sub-nanometer precision, as well as the logical 
preparation of more complex structures and compositions, including doped and core/shell 
nanocrystals.  Adapted with permission from reference 47.  Copyright 2016 American 
Chemical Society.  
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Our findings from these initial studies pointed towards a growth mechanism for 
metal oxide nanocrystals that we believe has unmatched potential.  Drawing analogies to 
polymer chemistry (Table 1), we sought to apply these ideas to living nanocrystal growth 
and harness the attributes of living growth to produce structures and compositions 
previously impossible to synthesize.  In the following sections, we describe three tests of 
the potential of our living growth system, highlighting the advantages and significance of 
this new approach.   
Leveraging Living Methods to Achieve Advanced Structural Control 
Increasing doping efficiency 
Doping, or the intentional introduction of extrinsic defects, is a common way to 
impart new electronic, optical, or magnetic properties within inorganic materials and is 
critical for the development of high-performance applications of these materials.  Doping 
bulk materials, via diffusion or ion implantation, is now commonplace and essential to 
the electronics industry. Doping methods for colloidal nanocrystals, however, are much 
less developed. Excellent, recent reviews on the subject can be found in the literature.51–53 
Not surprisingly, because of the high energy required to substitute dopant atoms within 
the host framework of a nanocrystal, dopants are often excluded to the surface, form new 
clusters or secondary phases, or are not incorporated into the crystal at all.54  Because of 
the inherently small number of atoms in a nanocrystal, small changes in the number of 
dopant atoms  can result in the drastic alteration of properties. As a result, it is imperative 
that the concentrations of dopants be predictably controlled within a material.  Living 
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growth methods for nanocrystal synthesis should enhance the extent of structural control 
one can gain over nanocrystal composition and structure, particularly dopant distribution.   
A key prerequisite to effective doping in nanocrystal synthesis is matching host 
and dopant precursor reaction rates in order to successfully incorporate and substitute 
dopant atoms into a host lattice.51  Reliable incorporation of dopant atoms can be 
extremely challenging using traditional approaches.  In thermal decomposition reactions 
for instance, precursor reactivity must be considered and estimated in order to achieve 
even modest doping efficiencies.  As an extreme example, the synthesis of Mn-doped 
ZnS nanorods at 1.6 atomic % required a 20 molar % Mn2+ precursor solution (an 
incorporation efficiency of only 8%).55  While such low efficiency could be improved 
greatly by altering the choice of the reagents, finding the appropriate precursor given the 
synthetic conditions can be a challenge.  An improvement in dopant incorporation 
efficiency seems to have emerged thanks to the recent utilization of so called 
“nonaqueous sol-gel” routes to produce doped nanocrystals.32,56–60  These mechanisms 
rely on defined molecular transformations, rather than thermal decomposition, to arrive at 
the final doped product.  In general, utilization of predictable chemistries to produce 
metal-oxygen bond formation, facilitated by ester, amide, or ether formation, can 
simplify the choices of appropriate metal precursors, and allow for higher doping 
efficiency.  However, just as in thermal decomposition reactions, if both dopant and host 
precursor do not catalyze bond formation at the same rate, then the desired doped product 
may not be formed.56,60   
We hypothesized that utilization of our slow injection, living growth method49  
would allow for more effective dopant incorporation, as any small differences in metal-
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catalyzed esterification rate would be overcome by the slow nature of precursor addition.  
Additionally, rather than carefully selecting metal precursors based on perceived 
reactivity, we chose to simply use metal oleates in desired molar ratios.   We doped In2O3 
with Mn2+, Fe3+, Co2+, Cu2+, and Zn2+ ions, each with nominal concentrations of 5, 10, 
and 20 molar % dopant (Figure 2.3). The dopant incorporation in Cu2+: In2O3 
nanocrystals matched that of the precursor with ~70% efficiency, while the incorporation 
in Mn2+, Fe3+, Co2+, and Zn2+: In2O3 nanocrystals doped with an impressive >90% 
efficiency, as measured my inductively coupled plasma optical emission spectroscopy 
(ICP-OES).  Powder X-ray diffraction (XRD) confirm that the nanocrystals are bcc-In2O3 
(Figure 2.3), and by using Reitveld analysis can confirm the decrease in lattice constant 
with increasing dopant concentration, as expected when smaller dopant cations replace 
larger In3+ cations.  The nanocrystals are formed with small size dispersions, and the 
mean size of the nanocrystal can be altered with same level of precision as undoped 
nanocrystals (Figure 2.2).50   We find agreement in dopant concentration of the entire 
sample (using ICP-OES) to the nanocrystal surface dopant concentration (using X-ray 
photoelectron spectroscopy, XPS). This indicates that the dopants are not surface 
segregated, and distributed homogeneously throughout the sample.  While host and 
dopant cation size will invariably play a role into incorporation efficiencies, we 
demonstrate that higher incorporation is possible if synthetic methods operate with living 
attributes.  We anticipate this discovery should pave the way for further studies utilizing 
doped nanocrystals, including co-doped systems.  
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Figure 2.3. a)  Doped oxide nanocrystals that have been purified and suspended in 
hexanes.  The vials, from the left to right, correspond to undoped In2O3, Mn2+:In2O3, 
Co2+:In2O3, Fe3+:In2O3, Cu2+:In2O3, and Zn2+:In2O3 all doped at 10 atomic %.  
Corresponding TEM images of samples from each solution are found in (b), directly 
beneath the vials in (a). Scale bars are 20 nm.  Powder X-ray diffractograms from each of 
the samples is displayed in (c).  All diffraction patterns match the bcc-In2O3 crystal 
structure.   
 
Intentionally modifying the radial position of dopant atoms within nanocrystals 
 Unique properties can be harnessed in materials when synthetic methods can alter 
structure on the atomic scale.  An excellent example of this is the drastic difference in 
properties that arise between doped nanocrystals that have the same composition but 
different radial placement of dopants within the nanocrystal.  One might logically expect 
this due to the different chemical environments of surface vs. buried inner atoms.  
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Sometimes these properties can provide useful insight. For instance, different electronic 
absorption features between tetrahedral surface-bound dopants and tetrahedral 
substitutional dopants aided in understanding the growth mechanism of doped ZnO.61  
Controlling the specific placement of dopants with intention; however, has been difficult, 
and prevailing colloidal nanocrystal synthetic methods provide very little opportunity to 
produce structures with deliberate dopant placement.  Nanocrystals produced in a living 
manner on the other hand, with layer-by-layer control over composition, would allow the 
precise placement of dopant atoms within a nanocrystal, thereby granting the synthetic 
chemist an enhanced level of mastery over important properties.  
 One important property that arises in many doped oxide nanocrystals is the near-
IR or IR localized surface plasmon resonance absorption (LSPR). LSPRs arise in many 
heterovalent doped-oxide nanocrystal because extrinsic defects contribute free electrons 
into the conduction band of the material and oscillate at a particular frequency.62 These 
materials have become an area of active research interest because of their potential in 
chemical sensing, biology, electronics, and energy production.63–67 Key metrics of LSPRs 
are quality (LSPRmax energy divided by the full width at half maximum of the LSPR) and 
dopant activation (the number of free electrons in the nanocrystal divided by the number 
of dopant atoms).   
It has been found empirically that different synthetic methods for doped oxide 
nanocrystals lead to differences in the radial position of dopants.  Different reactivities of 
the metal precursors and ligand types presumably influence the extent and timing of 
dopant incorporation.  In a striking example that demonstrates the large influence the 
radial placement of dopant atoms has on material properties, the Milliron group 
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investigated two different synthetic methods for Sn-doped indium oxide (ITO) 
nanocrystals.68 They found that one method produces homogeneously-doped ITO and the 
other produces surface-doped ITO. They attributed the large difference in the LSPR 
response to the radial distribution of dopants.  While the synthetic methods utilized for 
that study produced doped nanocrystals with varying radial distribution of dopants, such 
distributions were not the intended outcome of the original synthetic methods.69,70  
Furthermore, these synthetic methods do not allow for independent control of dopant 
concentration, the radial distribution of dopants, and nanocrystal size.   
We recently demonstrated that utilizing our slow injection approach,49,50 one can 
intentionally tune the optically properties of ITO nanocrystals through precise control 
over the radial distribution of dopants.71  We synthesized ITO/In2O3 core/shell (core-
localized dopant), In2O3/ITO core/shell (surface-localized dopant), and homogeneously-
doped ITO nanocrystals and investigated the differences in LSPR response (Figure 2.4). 
Using a combination of elemental analysis by both ICP-OES (that yields composition 
information about the entire nanocrystal sample) and surface analysis by XPS, we 
confirmed the radial locations of the dopants in each of the three cases.  Because the 
synthetic method operates with living attributes, production of the nanocrystals was a 
simple, one-pot reaction that did not require purification in between precursor addition(s) 
(Figure 2.4).   
We followed LSPR response as a function of doped or undoped shell thickness 
and showed that core-localized doped nanocrystals have significantly higher dopant 
activations and quality factors.  We confirmed that these large differences between the 
nanocrystals are due to the presence of defects and inactive dopants on the surface of the 
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nanocrystal.  Because small, sub-nanometer shells can be grown onto the core 
nanocrystal using our approach, we showed that it was possible to activate surface 
dopants through the addition of a small, sub-nanometer undoped shell to a doped surface. 
 Using a living approach allows significantly enhanced control over LSPRmax and 
quality factor and allows one to rationally sculpt optical properties for specific 
application.  Undoubtedly, the importance of enhanced command over the radial 
placement of dopant atoms will extend beyond that of ITO.  We expect that radial dopant 
placement will become standard consideration for understanding the many properties of 
doped nanocrystal systems and anticipate the development of further living syntheses that 
offer opportunity to control catalytic, magnetic, electronic, and other important physical 
properties. 
Implications of living synthetic methods for core/shell nanocrystal growth 
Core/shell nanoparticles are hybrid nanostructures in which an inorganic core of 
one material surrounded by a different material.72 Core/shell particles are generally of 
interest to impart advantageous properties of the multiple materials it comprises, or 
improve the existing properties of one or both components. For example, this approach 
has been invaluable to quantum dot research in which quantum yields and 
photoluminescent stability of semiconductor nanoparticles are greatly improved by 
passivating its surface trap states with a different semiconducting material.73–75  However, 
current colloidal syntheses for creating the core/shell structure are hampered by several 
limitations. These limitations include undesirable homogeneous nucleation of shell 
material, incomplete surface coverage on the core, and non-epitaxial or amorphous 
growth.73   
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Figure 2.4. Using a living approach, the radial position of dopants can be controlled 
intuitively through the addition of doped or undoped precursor, represented by the top 
reaction schemes.  No purification of the nanocrystals is necessary between precursor 
additions and particles can be synthesized in one pot.  We synthesized ITO nanocrystals 
with varying radial placement of dopants that were between 10.2-12.8 nm in diameter, 
containing the same concentration of Sn (within 0.5 atomic %).  Below the top scheme 
are TEM images corresponding to (from left to right) core-localized, homogeneously 
distributed, and surface-localized dopants.  Scale bars are 20 nm.  As shown in the 
bottom plot, core-localized ITO nanocrystals (black trace), ITO with homogeneously 
distributed dopants (red trace), and surface-localized ITO nanocrystals (blue trace) have 
drastically different LSPR line shape and maxima.  Core-localized dopants have higher 
quality factors and activations. 
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Widely used and robust synthetic schemes have been discovered and applied to 
core-shell synthesis. Two of the most common are the Stöber method used to synthesize 
silica shells,75 and adaptations of the successive ion layer adsorption reaction (SILAR) 
method used to produce quantum dots.76–79 In the SILAR method, layers of cations and 
anions are added sequentially to build one atomic layer at a time, typically with 
purification steps between each. Additionally, careful calculations to determine the 
amount of anion or cation precursor (often less than one monolayer per addition) are 
necessary in order to avoid new nucleation events.76,79 As a result, growing shells is 
tedious. In the Stöber method, a tetra-alkoxy silane precursor is hydrolyzed then 
condensed onto existing particles.  The method has been adapted for the synthesis of 
other oxide shell materials, including TiO2, ZrO2 and SnO2.72 In general, the shells are 
amorphous and often do not fully passivate the core. Though there are some examples of 
core/shell syntheses comprising different metal oxides,80–82 there isn’t a general, tunable 
synthetic strategy to do so.  
We anticipate that living growth methods will immensely aid in the successful 
synthesis of a variety of core/shell particles, and produce structures with advantageous 
magnetic, electronic, catalytic, and optical properties.    This is a result of the living 
nature of the synthesis method; because the core surface remains reactive through the 
formation of active functional groups on the particle surface and there is high yield in 
precursor consumption, sequential additions of different metal precursor will suffice in 
creating an abrupt change from core to shell material.  Such a procedure is intuitive and 
simple, eliminating the need for rigorous purification and quantification of shell 
precursor.  The nature of regenerating a reactive surface holds several advantages to shell 
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growth. Precursors of different metal salts will favor condensation onto these sites rather 
than new homogeneous nucleation.  Condensation of metal precursor will tend towards 
epitaxial growth because growth onto cores is not a heterogeneous nucleation event. 
Furthermore, because we anticipate the growth will not be promoted by heterogeneous 
nucleation, growth should occur over the entire particle surface rather than creating islets 
or dimer-like species.   
Indeed, our group has published preliminary results of successful core/shell 
growth. The synthesis of g-Fe2O3/MnO and ZnO/b-Ga2O3 core/shell particles with the 
slow injection synthesis displayed epitaxial and uniform growth of shell material around 
core.49   We expect that growing sequential shell materials on one another utilizing a 
living method will be possible, and will maintain the same level of composition control 
as described above.  Given the amount of precursor added and the size of a particle, it 
follows that one can calculate the required amount of precursor material to yield a shell 
of desired thickness.   
Outlook 
Herein, we outlined key prerequisites and attributes of living growth methods for 
nanocrystals.  Living growth is possible when the production and maintenance of reactive 
sites on the surface facilitate growth through the controlled addition of reactive 
monomers.  This type of growth mechanism has several consequences; because growth 
occurs by monomer addition rather than heterogeneous nucleation, epitaxial growth of 
single crystal nanoparticles results. Further, continuous growth from “living” reactive 
sites on the particle surface leads to nanocrystals with low size dispersions. When 
monomer addition is irreversible, crystals are no longer susceptible to ripening. At the 
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same time, when crystals are stabilized against core fusion or aggregation by a surface-
bound surfactant, a constant number of nanocrystals persists throughout the growth 
process. When a constant number of crystals is maintained for the entire growth process, 
addition of more precursor leads to predictable growth.  Finally, the preservation of 
reactive species in a controlled, layer-by-layer growth process provides opportunities to 
introduce new elements, thus altering the composition and structure of the nanocrystal 
with sub-nanometer precision, affording access to novel doped and core/shell structures.  
Discovery and development of new living growth methods for nanocrystals will 
require greater understanding of key mechanistic aspects of these processes. Perhaps the 
most important aspect for exploration is understanding the nanocrystal surface chemistry 
during growth. In order to support a living growth process, there must be a complex 
interplay of 1) ligand binding to promote particle stability, and 2) appropriately reactive 
surface promoting epitaxial growth through monomer addition. Although some 
mechanistic understanding can be inferred from particle growth studies over time, in situ 
and ex situ experiments to probe the surface chemistry will be needed. Investigation into 
the influence of ligand type and concentration, characterization of the structure of metal 
precursor, and examination of the growth behavior during different addition rates, and at 
different reaction temperatures, will be needed to advance our understanding of these 
systems.  Direct characterization of the surface chemistry may be more difficult to obtain. 
Studies should target the chemical makeup of the reactive nanocrystal surface, structure 
of reactive monomer produced from precursors, and nuclei or clusters formed early in the 
growth process through detailed, likely in situ, chemical analysis.  
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Many of the answers to these questions will require more advanced analytical 
tools and rigorous analysis of nanocrystal growth mechanisms.  Cutting-edge analytical 
tools are needed to monitor nucleation and nanocrystal growth, assess atomic-scale 
compositional and structural changes over time, as well as monitor functional groups 
participating in living growth processes.83–85 We have found SAXS an invaluable tool to 
quickly probe the products of new synthetic routes and monitor nanocrystal growth.   
Lab-scale SAXS instruments are now more widely available, and offer the capability to 
quickly obtain size, size dispersion, and concentration measurements.  Compared to 
TEM, SAXS analysis can obtain information from a statistically significant population of 
nanoparticles in a fraction of the time that image analysis takes, and offers the added 
benefit of probing nanoparticle size, shape, and structure in solution.86 Of course, TEM 
maintains its value in identifying shape, and corroborating SAXS measurements.  
Furthermore, HRTEM measurements are necessary to characterize crystallinity of 
synthesized products.  Atomic pair distribution function analysis (PDF) is a powerful tool 
that can probe species at the atomic level, and should provide significant insights 
regarding reactive monomer formation, nucleation, and growth.87–89 PDF should be 
especially useful for probing the structures of very small species (e.g. monomers and 
nuclei) that are not easily detected and characterized by SAXS or TEM. Towards 
monitoring key functional groups in monomers and on nanocrystal surfaces, we believe 
that traditional small-molecule chemical analysis tools, including NMR, IR, and Raman 
spectroscopy, together with complementary surface chemistry tools, such as XPS or ToF-
SIMS, can be used alongside more sophisticated methods to enhance our mechanistic 
understanding of living growth processes.  
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Despite the challenges evident in discovering new living growth systems and 
elucidating the mechanisms, the future of precision nanomaterial production through 
these approaches is promising and inspiring.  It appears that living growth methods are 
widely applicable across the periodic table, employing single metals or several metals in 
combination.  From what we have seen so far, these mechanisms facilitate the convenient 
and rapid assembly of new nanostructures with advantageous and appealing properties.  
At the same time, these intuitive synthetic approaches produce high-performance 
nanomaterials in fewer steps, in higher yields, and under greener conditions than thermal 
decomposition methods. Already, the synthesis of an almost-infinite number of binary, 
doped, co-doped, and core/shell oxide nanocrystal structures is possible by living growth. 
Products of these syntheses promise increased performance in optical, electronic, and 
catalytic application, as well as provide avenues for understanding fundamental physical 
processes.  With respect to the compositions and structures that can be produced via these 
methods, we have only scratched the surface.  We expect living approaches will make it 
possible to produce shape-controlled nanostructures, ternary oxides, and other 
chalcogenide nanocrystals (not limited to oxides).  Some existing approaches to other 
chalcogenides may in time prove to be living mechanisms.47 Combining these materials 
in unique, epitaxial heterostructured compositions will bring about a flurry in discovery-
driven science. 
Bridge to Chapter III 
 In Chapter II, the characteristics of a living nanocrystal synthesis were 
defined, and it was highlighted that the slow addition method developed in the Hutchison 
lab fall in line with these characteristics. The outlook section suggested, in part, studies 
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on addition rate and synthesis temperature will advance our knowledge of the living 
nanocrystal system. Chapter III explores how these two synthetic variables affect 
nanocrystal morphology. From the data, we develop a model that explains the trends we 
observe between morphology and addition rate at three different synthesis temperatures.  
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CHAPTER III 
INFLUENCE OF MONOMER FLUX AND TEMPERATURE ON MORPHOLOGY OF 
INDIUM OXIDE NANOCRYSTALS DURING A CONTINUOUS GROWTH 
SYNTHESIS 
 
This chapter was published as Plummer, L. K.; Crockett, B. M.; Pennel, M. L.; 
Jansons, A. W.; Koskela, K. M.; Hutchison, J. E. Influence of Monomer Flux and 
Temperature on Morphology of Indium Oxide Nanocrystals during a Continuous Growth 
Synthesis. Chem. Mater. 2019, 31, 7638–7649.  
 
Introduction 
Crystal growth through the assembly of atoms, molecular fragments or intact 
molecules into extended regular arrangements is a critical process throughout chemistry, 
biology, geology, and materials science.  The atomic-level to macro-scale structures 
instilled by the assembly process define, in turn, the properties and function of the 
extended material.  As a consequence, the mechanisms of crystal growth, and the 
parameters that influence the growth process, have been widely studied for crystals and 
thin films.1–7 For nanocrystals, significantly less is known about how growth conditions 
influence their growth despite the fact that the properties of nanoscale structures are 
especially sensitive to atomic-scale changes in structure.8–11  Here, we examine how the 
growth and structure of metal oxide nanocrystals depend upon the growth conditions, 
specifically precursor addition rate and temperature. 
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The crystallinity and morphology of a nanocrystal, as with all crystals, are 
influenced by a series of steps: diffusion of crystallizing species to the surface, adsorption 
(and desorption) and surface diffusion of these species, and island growth/formation.3,12–
15 One of the key parameters that affects each of these processes is the concentration of 
the crystallizing species, typically a reactive fragment derived from a molecular 
precursor.  This concentration is generally described as a degree of supersaturation, 
which, in turn, defines the flux of material to the surface of the growing crystal.  The role 
of flux in determining the growth rate and, more importantly, morphology has been 
widely reported for the growth of organic and inorganic crystals,6,16–19 formation of 
snowflakes,20–25 biomineralization processes,26,27 and the deposition of thin films (e.g., 
molecular beam epitaxy and thermal evaporation).28–31 
Studies of thin film deposition provide insight into how the deposition rate (or 
flux) to the surface of a growing inorganic material influences crystallinity and 
morphology. At a given temperature, higher fluxes tend to produce rougher surfaces, 
smaller crystallite sizes and defects, and amorphous materials.16,28 Lower fluxes tend to 
produce atomically smooth, highly crystalline surface morphologies.12,17,32 These trends 
have been attributed to the concentration of species delivered to, and adsorbed on, the 
film surface. At low deposition rates, adsorbed species can diffuse along the film surface 
to reach, and attach to, an existing island’s edge as opposed to nucleating a new island.  
Such conditions result in the growth of one layer at a time.12 However, at high deposition 
rates, the higher concentration of reactive species on the surface induces nucleation and 
growth on top of already existing islands before the base layer is complete, resulting in 
uneven, rough topographies. Similar behavior has been observed at high and low 
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supersaturation levels for crystal growth from solution.6,17 Collectively, these studies 
suggest that by controlling the concentration of the crystallizing species, and the flux to 
the surface, it should be possible to gain control over the crystallinity and morphology of 
nanoscale particles.  
To date, there have been few reports that examine the effects of monomer flux on 
nanocrystal growth processes. This is likely because flux is difficult to directly control in 
the common methods used. Most syntheses employ either a heat-up approach,33 where all 
starting materials are heated at a controlled rate to the reflux temperature of the solvent, 
or a hot-injection approach,34 where a precursor is rapidly injected by hand into the 
solvent at an elevated temperature.35 In both cases, the local monomer concentration is 
highest when nanocrystals are first formed, but rapidly decreases during growth. Flux to 
the nanocrystal surface is constantly changing throughout these reactions, and it is not 
possible to directly control or even maintain a constant flux to investigate its influence on 
the nanocrystal growth processes. Despite the paucity of studies in this area, there are 
studies that suggest that monomer flux affects the structure and properties of 
nanocrystals. Weller et al. examined the influence of growth rate on the optical properties 
of II-VI and III-V quantum dots (QDs) produced under fast growth conditions 
(immediately following fast injection of precursor) and slow growth conditions (during 
the Ostwald ripening stage of reaction).36 They found that photoluminescent quantum 
efficiencies were poor immediately following periods of fast growth compared to QDs 
grown at relatively slow, steady rates. The authors attributed the diminished performance 
to surface disorder in the quantum dots that were grown quickly.36 These results suggest 
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that it might be possible to achieve enhanced efficiencies if we gain greater control over 
monomer flux throughout the nanocrystal synthesis.  
Recently, continuous addition synthetic methods have been established for 
nanocrystal growth that make it possible to investigate the influence of flux in greater 
detail.37–45 Continuous introduction of precursor material can lead to exquisite size 
control and produce more uniform nanocrystals. It has also proven effective as a strategy 
to mitigate Ostwald ripening in quantum dots because maintaining monomer 
concentration at a constant threshold prevents dissolution of small nanoparticles.40,41 
Well-controlled size tuning has been demonstrated in metal oxides where the amount of 
precursor added determines the final size in a predictable fashion.37,39  Our own group has 
taken advantage of the slow addition, continuous growth method to produce a variety of 
metal oxide nanocrystals using very similar synthetic conditions,46 gain precise size 
control of indium oxide nanocrystals,37 study size-dependent magnetism in iron oxide 
nanocrystals,47 produce core-shell nanocrystal structures,46 incorporate dopants,48 and 
place dopants in specific radial positions to adjust plasmonic properties.49  
There have been several reports that variations in the rate of addition of precursor 
can cause morphological changes during nanocrystal syntheses. Alivisatos et al. found 
slower addition yielded anisotropic growth of doped shells on NaLnF4 cores yielding rod-
like morphology while fast addition resulted in nucleation of new nanocrystals which 
subsequently dissolved and contributed to isotropic growth on the cores yielding 
spherical morphology.45 Lai et al. attributed different iron oxide nanocrystal 
morphologies to dissolution and reconstruction of certain facets, resulting from 
differences in precursor concentration during addition.43 Similarly, Guo et al. attributed 
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the different faceted shapes of CdS nanocrystals to adjustments of the chemical potential 
of monomer resulting from different precursor addition rates.44 So far, only a couple 
studies have explicitly evaluated how precursor addition rates affect steps of crystal 
growth and, ultimately, morphology using continuous addition methods. Zhang et al. 
found that growth of bromide-passivated cubic rhodium particles occurred selectively on 
corners to yield octopods under relatively fast addition, whereas slow addition yielded 
concave shaped particles.42 Xia et al. observed similar behavior in bromide-capped 
palladium nanocubes.38 Both groups explained the observed trends by considering 
relative rates of surface diffusion and monomer deposition. Translation of these concepts 
to the growth of metal oxide nanocrystals is not straightforward because of the significant 
differences between metallic and metal oxide bonding and surface chemistry (for 
example, compositional variability in metal oxides compared to metals, coordination 
number differences, localized vs. delocalized electronic properties, etc.50).  
Herein, we leverage the continuous growth synthesis of metal oxide nanocrystals 
to investigate the influence of monomer flux on indium oxide nanocrystal growth. 
Precursor addition rate, which dictates the flux, has a strong influence on nanocrystal 
morphology, resulting in the growth of either highly branched or compact, faceted 
nanocrystals, depending upon the flux. Quantitative comparisons between the nanocrystal 
morphologies produced made it possible to gain mechanistic insight regarding the growth 
processes involved. The temperature dependence of the relationship between flux and 
morphology was also analyzed. At higher temperatures, the growth processes were less 
sensitive to changes in flux. Finally, we used our understanding of the influences of 
temperature and flux on morphology to produce compact, faceted nanocrystals from 
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highly branched nanocrystal seeds by regulating the precursor addition rate during 
growth. 
 
Results and Discussion 
Influence of precursor addition rate on morphology  
Slow delivery of precursor (typically 0.1 mmol/min over the course of 10 or more 
minutes) has been critical to our previously reported work on the continuous growth 
synthesis of metal oxide nanocrystals.37,46 Slow addition leads to controlled, layer-by-
layer growth, whereas rapid addition leads to the formation of large aggregates. In the 
slow addition regime, it was unclear what influence the precursor addition rate had on the 
nanocrystal morphology during growth and why the slower addition promoted such 
uniform nanocrystal growth. As a first step to investigate the influence of precursor 
addition rate on nanocrystal growth, four In2O3 nanocrystal samples were synthesized 
through a slow-injection approach at differing addition rates. The indium oleate precursor 
solution was prepared by heating a mixture of 1 mmol of indium acetate with a 6 molar 
excess of oleic acid. The role of the excess oleic acid has discussed in greater detail in 
prior work.37,46 Briefly, the excess acid increases the solubility of the indium oleate 
complex and serves to stabilize the growing nanocrystals, preventing aggregation. The 
indium oleate precursor was injected into 13 mL of oleyl alcohol held at 260 °C (Figure 
3.1) at various addition rates using a syringe pump. From previous work46 we knew that 
rapid addition of the precursor by hand resulted in highly polydisperse size populations 
and rampant bumping, presumably due to the large amount of water produced from 
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uncontrolled condensation of the precursor and esterification. Thus, for the present 
investigation, the addition rate was varied from 1.2 mL/min to 0.1 mL/min.  
 
Figure 3.1. Continuous growth synthesis of indium oxide nanocrystals.  The illustration 
depicts a typical reaction setup (A). Indium oleate precursor (indium oleate with ~6x 
excess oleic acid) is added into the round bottom flask containing oleyl alcohol (R’OH) at 
a designated rate via the syringe pump. A heating mantle and temperature controller 
maintain the alcohol at the designated temperature. Throughout the synthesis, precursor is 
converted to monomer species consisting of an indium hydroxy species (B). Monomer 
condenses to form nanocrystals (C), and nanocrystals grow via the monomer species 
condensing with hydroxides on the nanocrystal surface (D). 
 
Our decision to vary indium addition rate by varying the addition rate of a 
precursor of constant indium concentration in oleic acid was made after considering a 
couple of alternative approaches.  We considered adjusting the concentration of indium in 
the precursor by either varying the amount of oleic acid or adding a solvent while 
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maintaining a constant addition rate. However, changing the ratio between indium and 
oleic acid would likely cause changes to morphology,51 and we did not want to introduce 
another chemical that may have unintended consequences52. Use of solvents can also 
influence the outcome of the reaction in ways that would complicate the interpretation of 
the influence of precursor addition rate.  More detailed investigation of the role of the 
indium to oleic acid ratio are currently underway. 
X-ray photoelectron spectroscopy (XPS) and x-ray diffraction analysis (XRD) 
have shown that the nanocrystals produced under these conditions are In2O3 with the 
bixbyite crystal structure and XPS and time-of-flight secondary ion mass spectrometry 
suggest that their ligand shell is primarily oleic acid.46 Figure 3.2 displays transmission 
electron microscopy (TEM) images of the In2O3 nanocrystals produced at the four 
different precursor addition rates. The nanocrystals formed with faster addition rates (1.2 
mL/min, Figure 3.2A) exhibit irregular, branch-like characteristics. As the precursor 
addition rate is decreased across the series, the nanocrystal morphology loses the branch-
like nature, and in the case of the slowest addition (0.1 mL/min, Figure 3.2D) the 
nanocrystals become cubic and monodisperse. Overall, the nanocrystals produced with 
faster precursor addition exhibited more branching and greater surface roughness 
compared to the faceted nanocrystals produced with slower addition. 
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Figure 3.2. TEM images illustrating the dependence of nanocrystal morphology on the 
precursor addition rate. Faster addition produces branched nanocrystals, while slower 
addition produces faceted nanocrystals. The nanocrystal syntheses were carried out with 
precursor addition rates of 1.2 mL/min (A), 0.6 mL/min (B), 0.3 mL/min (C), and 0.1 
mL/min (D). Scale bars are 20 nm. Size analyses for all TEM images are available in Figure 
A.1-4. 
 
Although morphological changes are evident across the series by qualitative 
inspection of the TEM images, we wanted a more objective, quantitative analysis to 
compare changes in morphology. We considered using Small Angle X-Ray Scattering 
(SAXS) because this technique is often useful for quantitative size analysis.37,48,49,53 
However, for the highly branched nature of the nanocrystals produced at high addition 
rates, there is not an appropriate form factor to model the SAXS data.  Thus, we sought 
an approach to extract quantitative information from the TEM data. Because TEM 
images show the two-dimensional projection of the nanocrystals, we reasoned that 
measurement of the nanocrystal perimeter, normalized by their effective diameters, 
would be a good metric to distinguish branched vs. faceted morphologies. The ratio of the 
perimeter to diameter (P/D ratio) depends on the two-dimensional shape (example 
calculations are shown in Figure A.5). The lowest possible value is 3.14 for a circle.  The 
P/D of a square is 3.54.  As surface roughness and branching increase the P/D ratio can 
increase indefinitely. Thus, the nanocrystals’ perimeters and effective diameters were 
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extracted from TEM images using image processing software and used to calculate P/D 
ratios (see Figure A6). Figure 3.3 displays the frequency of P/D ratios for the samples 
shown in the TEM images in Figure 3.2. The value of the mode of the distribution (P/D 
ratio measured at the peak maximum) indicates the most represented shape within the 
sample. The frequency of the mode provides a measure of the homogeneity of 
morphologies, with higher mode frequencies indicating greater homogeneity. The 
distribution of frequencies tailing out to high P/D ratios indicates increasing populations 
of branched shapes.  
 
 
Figure 3.3. Distribution plot of the nanocrystal P/D values extracted from TEM images 
of the samples shown in Figure 3.2. The P/D plots suggest an increase in uniformity as 
precursor addition rate is decreased.  
 
Figure 3.3 shows that, as the precursor addition rate increases, the value of the 
mode increases and the frequency of the mode decreases. There is a broad range of P/D 
ratios for the fastest precursor addition (1.2 mL/min, green trace), indicating a wider 
distribution of branched structures. These findings are consistent with the qualitative 
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observations made by examination of the TEM images (Figure 3.2A). The distribution 
mode centers around 3.5 for the slowest addition (0.1 mL/min, black trace). Given that 
the P/D of a square is 3.54, this value suggests that the nanocrystals formed with the 
slowest addition are mostly cubic in shape, consistent with the shapes seen in Figure 
3.2D. Taken together, the TEM images and P/D analysis lead to the conclusion that faster 
addition results in increased branching of the nanocrystals, and slower addition results in 
faceted, cubic nanocrystals. 
 
Examining the impact of precursor addition rates on the mechanism of growth 
The results displayed in Figures 3.2 and 3.3 demonstrate that slow precursor 
addition is necessary to promote conditions needed to produce uniform nanocrystals with 
faceted shapes. As the precursor addition rate increases, branched nanocrystals are 
produced suggesting a different growth process. Synthesis conditions involving high 
supersaturation or fast growth often yield branched morphologies,38,54–58 but the question 
remains why. One possible cause of branching is polytypism58 in which a nanocrystal 
possesses two different crystal phases. Polytypism is common in branched metal 
chalcogenide nanocrystals but was ruled out in this study because the branched 
nanocrystals contained only the bixbyite phase (Figure A.7). We considered two 
alternative hypotheses to explain why fast addition might cause branched morphologies. 
The branching observed in the nanocrystals in Figure 3.2 could originate from rapid 
addition of monomer to nanocrystal surfaces resulting in growth at many sites on the 
surface.  Protrusions formed on the surface are more likely to react with additional 
monomer than the valleys, leading to branched structures.20,59  Alternatively, given a high 
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enough precursor addition rate, new nanocrystals could form and react with existing 
nanocrystals. Then, particle-particle reactions, e.g. coalescence,60,61 or oriented 
attachment,62,63 could occur. To gain insight into the growth mechanism, we examined 
the structure of branched nanocrystals using high-resolution TEM (HRTEM).  
 
Figure 3.4. HRTEM of a branched nanocrystal synthesized at a fast precursor addition, 1.2 
mL/min (from the Figure 3.2A sample), indicating that the nanocrystal is free of crystalline 
defects at the branching sites and throughout the lattice (A). Scale bar is 3 nm. FFT patterns 
of one of the branches (B) and the central branching area (C) are also shown. Indexing of 
the FFT patterns (shown in B) revealed the particle is oriented on the [111] zone axis of 
the bixbyite structure in both locations.  
 
Figure 3.4A shows a representative HRTEM image of a branched nanocrystal 
from Figure 3.2A grown at the highest precursor addition rate of 1.2 mL/min (additional 
HRTEM are shown in Figure A.8). Lattice fringes extend throughout the entirety of the 
nanocrystal without interruption, suggesting that the nanocrystal is free of defects. Figure 
3.4B and 3.4C display FFT patterns taken from a branch and the central branch origin 
respectively from Figure 3.4A. The FFT patterns were both indexed to the [111] zone 
axis of the bixbyite structure and share the same orientation. The lack of defects and 
consistent orientation throughout branched nanocrystals suggest they are single crystal, 
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and, therefore, the branched morphology is not caused by random (non-oriented) particle 
coalescence during the reaction. 
Next, we considered the possibility that the branched structures might occur 
through oriented attachment. Oriented attachment is a special case of particle coalescence 
in which primary particles fuse together in a fashion that aligns their crystal lattices 
resulting in a single crystal nanoparticle after the fusion event.  Oriented attachment is 
typically observed during growth that takes place in the absence of stabilizing ligands.64–
68 Primary particles are usually observable during the growth process, often leading to 
broad size distributions.60,69–71 Further, oriented attachment tends to occur on specific 
facets of nanocrystals leading to a regular pattern of branching.64,67,72–74 In the present 
study, a large excess of oleic acid stabilizes the nanocrystals preventing close approach 
and orientation needed for attachment.  In our syntheses, primary nanoparticles 
(detectable down to 2 nm by TEM) are not observed in the reaction mixtures. Further, our 
branched nanocrystals, although single crystal have irregular and random branches, as 
opposed to the regular branching observed in oriented attachment. Taken together, these 
findings suggest that oriented attachment is not occurring during the formation of 
branched nanocrystals in our study.  
The presence of small, primary particles has been used throughout the literature to 
distinguish between oriented attachment and growth by monomer addition for single 
crystal metal oxide nanoparticles with similar branched morphologies as observed in this 
study.  In some cases, growth is determined to occur via oriented attachment71,75–77 while 
in others it is determined to be a result of monomer addition78–80. Studies that concluded 
oriented attachment was occurring observed the formation of small, primary particles 
 
62 
 
during synthesis. Studies that determined that growth occurred by atom by atom addition 
demonstrated that the rate of growth was slower than would be expected for oriented 
attachment78 and/or observed no primary particles during growth80. 
Across all the conditions examined in our growth studies, including those 
conducted under high flux conditions, we did not observe primary particles as the 
branched nanocrystals grew larger (see, for example, Figure A.9). Control experiments 
suggest that nanocrystals as small as 2 nm should be detectable.  To examine the stability 
of smaller nanocrystals in the presence of larger nanocrystals, we mixed reaction 
mixtures containing relatively small (~6 nm) and large (~10 nm) faceted nanocrystals 
(each synthesized at 260 °C).  These were heated to 260 °C, held at that temperature for 
one hour followed by further heating at 290 °C for an additional hour. We found that the 
size populations are nearly identical to the starting mixture (experimental details and 
TEM results in Figure A.10 and Table A.1).  
Based upon these observations, nanocrystal growth appears to occur by monomer 
addition to nanocrystals and not by particle coalescence events, even in cases of fast 
addition. The lack of evidence for primary particle formation during growth, plus lack of 
growth in the absence of precursor leads us to conclude that particle coalescence 
(including oriented attachment) is an unlikely growth mechanism in this synthesis. 
If growth occurs, instead, by monomer attachment to the surface of the growing 
nanocrystal, then the rate of precursor addition is directly controlling the flux of 
monomer to nanocrystal surfaces. To explain the branching induced via high monomer 
flux (i.e. fast precursor addition) and the faceted nanocrystals produced via low flux (i.e. 
slow precursor addition), we returned to the monomer addition hypothesis and considered 
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the local reaction conditions between the monomer and the nanocrystal surface. Based 
upon what is known from the thin film growth literature, a layer-by-layer mechanism 
should produce faceted nanocrystals at low flux; however, an alternative hypothesis was 
that restructuring occurs to achieve the cubic shape. Thus, we considered two probable 
interaction pathways between the incoming monomer and the nanocrystal surface: 1) 
monomer adsorbs to the nanocrystal surface, diffuses to a reactive step edge or kink site, 
reacts with the surface and is immobilized; or 2) monomer reacts with the nanocrystal 
surface immediately following adsorption, and during the course of growth the 
nanocrystal surface reorganizes to produce facets.  
We designed an experiment to test whether branched structures can reorganize to 
faceted structures under the reaction conditions. This sort of reorganization, known as 
shape relaxation (or sometimes as self-integration, self-recrystallization, or shape/surface 
restructuring), reduces the surface free energy of the nanocrystal by restructuring the 
surface atoms.81 Shape relaxation is more commonly observed for metal nanocrystals82–85 
but can also occur in metal oxides.66 We have shown through previous work with this 
system that the (100) terminated facets of the cubic nanocrystals are partially 
hydroxylated,37,46 and shape relaxation seems plausible with the low surface energy of the 
(100) facets.86 Nanocrystals were grown with intermittent periods of fast precursor 
addition (high monomer flux) and aging (no added precursor). The fast addition periods 
had the same addition rate that produced the branched nanocrystals in Figure 3.2B. 
However, taking the aging periods into account, the average addition rate across the 
growth period was equivalent to the slow addition rate that produced the faceted 
nanocrystals shown in Figure 3.2D. The fast, slow, and intermittent precursor addition 
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profiles are shown in Figure 3.5A for comparison. If surface diffusion of monomer prior 
to condensation with the surface is required to produce faceted nanocrystals, the 
intermittent addition approach should yield branched nanocrystals because the periods 
with high flux should provide enough monomer to the surface to cause branched growth. 
On the other hand, if shape relaxation of the nanocrystals is the cause for the faceted 
nature, the annealing period should allow for the restructuring to occur and produce 
faceted nanocrystals in spite of the high monomer flux to the surface during the addition 
periods. 
 
Figure 3.5. Comparison of fast addition, slow addition, and intermittent addition (fast 
addition with aging periods) to test shape relaxation hypothesis. Precursor addition 
profiles for syntheses carried out at 260 °C (A), where precursor was added at 0.6 
mL/min (black trace), 0.1 mL/min (red trace), and intermittent addition/aging (blue 
trace). Corresponding TEM images of the nanocrystals are shown in (B) (0.6 mL/min), 
(C) (0.1 mL/min), and (D) (intermittent addition). Scale bars are 20 nm. P/D histograms 
from the TEM images are shown in (E). Size histograms are available in Figure A.2. 
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TEM images for nanocrystals synthesized under high monomer flux, low flux, 
and intermittent high flux/aging conditions are shown in Figure 3.5. The nanocrystal 
morphology observed from the intermittent aging conditions (Figure 3.5D) closely 
resembles the morphology observed for the nanocrystals formed at high flux (Figure 
3.5B), with both exhibiting irregular morphologies, including branching and/or elongated 
shapes. The nanocrystals formed with a low flux (Figure 3.5C) exhibit more faceted and 
homogeneous morphologies. The P/D ratios were analyzed for the three samples and 
plotted in Figure 3.5E. The intermittently aged nanocrystals exhibit P/D histograms 
(Figure 3.5E blue trace) almost identical to those observed for the nanocrystals formed at 
high monomer flux (Figure 3.5E black trace). Both samples exhibit broad distributions 
having modes of 3.6 and mode frequencies around 10%. In contrast, the nanocrystals 
formed under low flux conditions (Figure 3.5E red trace) display a much more 
homogeneous P/D distribution (mode frequency of 24%) and the population is mostly 
cubic in nature (P/D mode equals 3.5). 
These results suggest that shape relaxation does not occur in this system during 
the timescale of the synthesis. The aging periods did not produce differences in the 
nanocrystals’ morphologies compared with nanocrystals synthesized under high flux 
conditions with no aging periods. Thus, it appears that once monomers react with the 
nanocrystal surface, the atoms become kinetically trapped and irregular surfaces cannot 
be restructured. Thermally induced shape relaxation is observed in metal systems due to 
the non-directional nature of the metal-metal bonds and mobility of atoms on the 
nanocrystal surface.82,83 However, in the case of In2O3, the metal oxygen bonds are likely 
too strong, and thermal energy is insufficient to rearrange at these temperatures. For 
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example, indium oxide films must reach excess of 500 °C before any structural change is 
measured.87 Shape relaxation could also be facilitated by the detachment and 
reattachment of monomer species,84,85 yet this mechanism appears to be absent in this 
system. Likely, the condensation reactions between the monomer and nanocrystal surface 
are irreversible.  In the absence of shape relaxation processes, surface diffusion is the 
most probable mechanism to produce faceted nanocrystals. 
Based on collective observations made from the results shown in Figures 3.2-5 we 
propose the most probable reaction pathways for the low and high monomer flux 
regimes, where the addition rate directly influences the concentration of monomer 
available to react with the nanocrystal surface. Figure 3.6 illustrates growth on a 
nanocrystal surface during low flux (Figure 3.6A) and high flux (Figure 3.6B). 
 
 
Figure 3.6. Depicts the reaction steps leading to either faceted (example in top right) or 
branched (example in bottom right) nanocrystals in the case of low flux (A) and high flux 
(B), respectively. Scale bars in the TEM images are 20 nm. 
 
In the case of low flux (Figure 3.6A), indium hydroxy monomers reaching the 
nanocrystal surface adsorb, likely through hydrogen bonding to hydroxyls on the surface. 
 
67 
 
The monomer can then diffuse to an edge site where the dwell time of species is longer 
than on the open planar surfaces,12 increasing the likelihood of condensation that extends 
the island’s edge. Repetition of this process yields a planar surface, where new monomer 
can react and the process repeats, much like layer-by-layer epitaxial growth in thin 
films.12,88  
Under high monomer flux conditions, there are a couple aspects of the reaction 
that might shift growth toward the branched growth regime depicted in Figure 3.6B. High 
flux will lead to higher concentrations of adsorbed monomer on the nanocrystal surface. 
High surface concentration of the monomer will inhibit surface diffusion through steric 
hindrance because the monomer species is bulkier than the oleate ligands that would be 
present otherwise. Additionally, the condensation reaction of monomer with the 
nanocrystal surface will be increased because the reaction rate is dependent on local 
monomer concentration. Diminished surface diffusion and faster condensation rates will 
increase the likelihood of monomer reaction at planar sites, forming new islands rather 
than contributing to layer-by-layer growth at an edge site. In short, low flux conditions 
permit adsorbed monomer to diffuse and react with step edge sites to produce faceted 
nanocrystals, whereas high flux restricts surface diffusion causing monomer to react 
indiscriminately on the surface to produce the irregular branched structures. 
 
Determining how temperature affects the influence of monomer flux on morphology 
The rates of the surface diffusion of monomer depicted in Figure 3.6 and the 
monomer-surface condensation reaction depicted in Figure 3.1D are both expected to 
increase with increasing reaction temperature but will exhibit different temperature 
 
68 
 
dependencies. Thus, the relationship between flux and morphology should be temperature 
dependent. If the rate of surface diffusion is higher than the monomer-surface reaction 
rate, then nanocrystal morphologies should become less sensitive to flux at higher 
temperatures because the monomers will be more surface-mobile and less sterically 
hindered. On the other hand, if the surface reaction rate predominates compared to the 
surface diffusion rate, the morphologies should become more sensitive to flux at higher 
temperatures because there is less time for the surface-adsorbed monomer to diffuse 
before condensing with the surface. To examine these two scenarios, nanocrystals were 
synthesized using 1 mmol of precursor at 230 °C, 260 °C, and 290 °C, with varying 
precursor addition rates. At each temperature, the upper and lower bounds for addition 
rates were determined experimentally.  The lower addition rate was selected to produce 
the most uniform morphologies, whereas the upper limit was chosen to produce 
significant branching without inducing secondary nucleation or significantly decreasing 
the reaction temperature during the addition of precursor.  
Figure 3.7 displays TEM images for the nanocrystals synthesized at 230 °C 
(Figure 3.7A, 3.7B), 260 °C (Figure 3.7D, 3.7E), and 290 °C (Figure 3.7G, 3.7H). Slower 
precursor addition (low flux) resulted in more faceted nanocrystals (Figure 3.7A, 3.7D, 
3.7G), while faster addition (high flux) resulted in significant branching (Figures 3.7B, 
3.7E, 3.7H) at all reaction temperatures. As was observed previously for 260 °C, 
HRTEM again showed that nanocrystals grown at the fastest addition rates for 230 °C 
and 290 °C syntheses were single crystal (Figure A.8). P/D ratios were extracted from the  
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Figure 3.7. The dependence of nanocrystal morphology on monomer flux at different 
temperatures. TEM images of nanocrystals synthesized with 1 mmol of indium at 230 °C 
(A, B), 260 °C (D, E), and 290 °C (G, H) at the designated addition rate. Overall, the 
morphologies of the nanocrystals became more faceted as precursor addition rate was 
decreased for all temperatures. However, as the temperature is increased, much higher 
addition rates were required to produce branched nanocrystals. Precursor addition rates 
are noted in the figure insets. Scale bars are 20 nm. The P/D histograms for syntheses at 
230 °C (C), 260 °C (F), and 290 °C (I) at various addition rates show that morphology 
becomes more homogeneous with increasing temperature. Size histograms are available 
in Figure A.3. 
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TEM images and the results plotted in Figures 3.7C (230 °C), 3.7F (260 °C), and 3.7I 
(290 °C). The P/D distributions confirm that a decrease in precursor addition yields more 
homogeneity in nanocrystal morphology across the temperatures investigated. 
Additionally, the nanocrystals are more faceted with increased temperature as evidenced 
by the mode frequency in the P/D plots increasing from 15% (230 °C) to 24% (260 °C) to 
a final 35% (290 °C) at the slowest addition for each temperature.  The P/D values 
approach those for a square (3.54) consistent with the cubic shapes observed by TEM.  
Interestingly, as temperature is increased, the reaction can sustain much higher 
addition rates and continue to produce faceted nanocrystals. This can be directly shown in 
comparing Figure 3.7G (the lowest 290 °C addition rate of 0.3 mL/min) with 7B (the 
highest 230 °C addition rate of 0.2 mL). While the addition rates are similar, the 
nanocrystals synthesized at 230 °C are highly branched, whereas the nanocrystals formed 
at 290 °C are faceted. This comparison highlights the strong influence of temperature on 
the relationship between monomer flux and morphology. In addition, morphology 
changes appear to be less sensitive to addition rate at higher temperatures. Overall, 
nanocrystals synthesized at 290 °C displayed more homogeneous sizes and narrower P/D 
distributions than could be achieved under any conditions at lower temperatures. 
The improvements in morphology (based upon comparisons of P/D ratios in 
Figure 3.7) observed at elevated temperatures suggest that surface diffusion must have a 
greater influence on growth behavior than the surface condensation reaction. An increase 
in surface diffusion affords the monomer the mobility to find a step edge site on the 
nanocrystal to condense with (Scheme 1A). In addition to increasing mobility across the 
planar surface, increased surface diffusion also makes it possible for monomer to “step 
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down” from the top of a terrace to an edge site despite the slightly higher energy barrier 
involved.12,89  If surface condensation rates were the greater influence on the nanocrystal 
growth behavior, there would be more indiscriminate monomer-nanocrystal 
condensation, leading to a greater number of protrusions, across the nanocrystal as 
temperature is increased; however, this is not observed.  
The isolated nanocrystals shown in Figure 3.7 increase in size with temperature, 
from 5.7 nm at 230 °C to 9.2 nm at 290 °C.  To further examine the growth process under 
these reaction conditions, growth curves (nanocrystal volume vs. monomer added) were 
generated by taking aliquots over the course of a 2 or 5 mmol addition. The small size of 
the nanocrystals formed at 230 °C necessitated addition of 5 mmol of precursor to attain a 
growth curve spanning a sufficient size range. The nanocrystal volume values were 
calculated from sizes measured by SAXS, with the volume growth curves plotted in 
Figure 3.8.  The linear growth curves confirm that a continuous growth process occurs 
under the slow addition conditions studied.37,90 It is noteworthy that the larger slopes 
indicate that fewer nanocrystals are formed at higher temperatures (see Figures A.11 and 
S12). Because there are so few nanocrystals produced at 290 °C, these findings mean that 
at a particular addition rate, the monomer flux to the individual nanocrystals is even 
higher than anticipated, yet the nanocrystals are still uniform.  
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Figure 3.8. Nanocrystal growth curves plotted as nanocrystal volume vs. precursor added 
for 290 °C (black dots), 260 °C (red dots), and 230 °C (blue dots). Error bars reflect one 
standard deviation of the size dispersion. The dashed lines represent linear fits to the data 
series. The linear fits indicate that the number of nanocrystals remain constant through 
the growth period at all temperatures. 
 
Utilizing variable flux to transform morphology 
The preceding sections build a strong case for the influence that flux exerts on 
nanocrystal morphology. High flux conditions promote surface-diffusion inhibited 
growth and branched morphology, whereas low flux promotes layer-by-layer growth and 
faceted morphology. We hypothesized it might be possible to fill in the gaps of branched 
nanocrystals formed under high flux conditions by continued growth under low flux 
conditions. Branched nanocrystal cores should contain a high concentration of step edge 
sites and areas of high energy concave surfaces66 that, according to the model shown in 
Scheme 1, should “fill in” if the shell was grown at a low enough flux. To test this 
hypothesis, nanocrystals were formed at 290 °C using a two-step approach involving 
rapid precursor addition, followed by a period of slow addition. We chose 290 °C 
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because, as shown in Figure 3.7, growth at this temperature can produce the most faceted 
and homogeneous morphologies. Branched nanocrystals were formed by adding 1 mmol 
of indium precursor at 4 mL/min. Next, 2 mmol of additional precursor was added to 
these cores at a lower rate (0.17 mL/min). A control sample was synthesized, where the 
nanocrystals were grown at a constant addition rate of 4 mL/min at 290 °C, with a total 
precursor addition of 3 mmol to match the amount of precursor used in the two-step 
process. 
TEM images of the initial nanocrystals synthesized with fast addition of precursor 
(Figure 3.9A) display nanocrystals with the typical branched morphology expected for 
such conditions, resulting in a broad distribution of P/D values (Figure 3.9D, black trace). 
A TEM image of the same nanocrystals after continued growth at slow rates is shown in 
Figure 3.9B.  A TEM image of the control, where the nanocrystals were grown with fast 
addition, continuously is shown in Figure 3.9C. The nanocrystals in Figure 3.9B are 
essentially free of branching as evidenced by the relatively high frequency (27%) at the 
mode of their P/D histogram (Figure 3.9D, blue trace). In contrast, the nanocrystals 
grown under continuous fast addition (Figure 3.9C) present a branched structure similar 
to those produced by high flux (Figure 3.9A) as shown by their P/D histograms, which 
nearly trace one another and have maxima around only 7% (Figure 3.9D, red and black 
traces). These results confirm our surface-diffusion directed growth model wherein low 
flux caused by slow addition rates promotes attachment of monomers at sites between the 
branches where there are higher concentrations of reactive step edge sites. 
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Figure 3.9. TEM images of nanocrystals grown at 290 °C to examine the influence of 
low flux growth on branched nanocrystals. Nanocrystals synthesized by adding 1 mmol 
of precursor under high flux conditions at 4 mL/min (A), followed by shell growth at a 
low flux with the addition of 2 mmol of precursor at 0.17 mL/min (B). A control sample 
was synthesized at a high flux, with 3 mmol precursor added at 4 mL/min (C). Scale bars 
are 20 nm. The plotted P/D analysis (D) of the samples in A, B, and C indicates that the 
shell grown at low flux smooths the morphologies of the branched nanocrystal cores (A) 
while the shell continued to grow at high flux displays similar branched morphology to 
the cores. Size histograms of samples are available in Figure A.4. 
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Conclusions 
A continuous growth method, wherein nanocrystal growth can be investigated 
over a range of precursor addition rates and reaction temperatures, was employed to 
examine the influence of precursor flux on the growth and morphology of In2O3 
nanocrystals.  Under high flux conditions branched morphologies predominate, whereas 
faceted morphologies result under low flux conditions.  Quantitative comparisons of the 
morphologies were carried out using a new metric that assesses the ratio of the particle’s 
perimeter to its diameter (P/D ratio). This ratio provides a quantitative measure with 
which to objectively compare the morphologies of nanocrystals produced at different 
fluxes and temperatures. The branching induced by high flux conditions was shown to be 
the result of direct reaction of monomers to nanocrystal surfaces, not interparticle 
reactions (such as coalescence or oriented attachment). Temperature has a profound 
influence on nanocrystal growth, permitting formation of faceted nanocrystals at high 
fluxes if the temperature is sufficiently high.  Finally, low flux shell growth on highly 
branched nanocrystal cores fills in the concavities between the branches to produce 
nanocrystals that are more faceted. 
These studies allowed us to gain mechanistic insight into the roles played by flux 
and temperature on the growth of In2O3. The main driver in nanocrystal morphology was 
found to be surface diffusion of adsorbed monomer, which is indirectly affected by 
precursor addition rate, i.e., the flux of monomer. Under low flux conditions, where 
surface monomer concentration is low, adsorbed monomer is able to diffuse to a step 
edge site and react, promoting layer-by-layer growth and faceted morphology. 
Conversely, high flux conditions yield a high surface monomer concentration and an 
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overabundance of adsorbed monomer, sterically hindering surface diffusion and 
promoting new island formation and branched morphology. Temperature influences the 
interplay between flux and morphology. Surface diffusion is enhanced at higher 
temperature (290 °C) and the morphology is less sensitive to flux; this is evidenced by a 
higher temperature producing the most faceted morphologies and requiring faster 
precursor addition to yield branched morphologies.  
The model developed here for the relationship between monomer flux and 
nanocrystal morphology may help to explain the uniformity present in many metal oxide 
nanocrystals synthesized through hot-injection and heat-up approaches. In both synthetic 
approaches flux steadily decreases as nanocrystal growth progresses, leading to low flux 
conditions at the end of the reaction. Our results suggest that these conditions at the end 
of the growth process can produce more uniform nanocrystal morphologies. 
Our findings may be applicable to the design of new syntheses to produce 
nanocrystal morphologies tailored for specific material applications. When uniform, 
morphologically pure nanocrystals are desired (as for optical, plasmonic, and sensing 
applications), low flux synthetic conditions are better suited to produce the nanocrystals. 
However, when higher surface areas or increased surface defect sites are required (as for 
catalysis and electrochemical applications), high flux conditions for growth are better 
employed. Additionally, these approaches could potentially be combined to produce 
novel, hierarchical structures that were previously unattainable, such as the growth of 
high surface area, branched shells onto a well-defined nanocrystal core to impart dual 
functionality. 
 
 
77 
 
Materials and Methods 
Materials 
Indium (III) acetate (99.99% trace metals) was purchased from Aldrich. Oleyl 
alcohol (90%) and oleic acid (80-85%) were purchased from Alfa Aesar. Certified ACS 
grade acetone and toluene were procured from Fisher Chemical. Chemicals were used as 
purchased without further purification. 
Continuous growth syntheses of indium oxide nanocrystals 
Indium precursor was prepared by stirring 1 mmol of indium acetate with 2 mL of 
oleic acid in a rubber-capped vial and nitrogen gas flowing overhead while submerged in 
a 150 °C oil bath for a period of one hour. The warm precursor was loaded into a 3 mL 
syringe (BD plastic) with a 6” 18 G needle attached. Meanwhile, a 50 mL 3-neck round 
bottom flask was charged with 13.0 mL oleyl alcohol and football-shaped stir bar and 
necks covered with rubber septa. The alcohol was heated to the desired reaction 
temperature (230 °C, 260 °C, or 290 °C) using a heating mantle with a DigiTrol II 
temperature controller from Glas-Col. The alcohol was stirred by magnetic stir plate, and 
nitrogen was flowed through the overhead space of the reaction flask at a rate of ~120 
mL/min, entering through a 16 G needle in the center neck and exiting through a 16G 
needle in a side neck. Once the desired temperature was reached, indium precursor was 
added at a specified rate into the oleyl alcohol through a side neck with the aid of a 
mechanical syringe pump (KD Scientific). The rate of precursor addition was monitored 
by measuring the volume and duration of each addition. The actual addition rates are 
reported though they were always very close to the set rate. Typically, the pale yellow 
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oleyl alcohol became blue and green as precursor was added and the reaction progressed. 
Following the end of the precursor addition, a small aliquot of the reaction liquid 
(300 µL) was removed and the flask was maintained at the reaction temperature for 20 
minutes. The purpose of this heating period was to ensure all precursor would be 
consumed. Notably, there were no significant changes to the nanocrystal morphology for 
samples before and after this 20-minute period. Following cooling and exposure to air, an 
off-white solid is typically observed, and the reaction liquid becomes pale yellow.  
The reaction mixture was transferred to centrifuge tubes, rinsing the flask with 
about 5 mL toluene. Acetone was added (about 4x excess to reaction mix volume) 
causing formation of a white precipitate. The mixture was centrifuged for 10 minutes at 
7000 rpm and the supernatant decanted, leaving behind the nanocrystals as an off-white 
solid. The nanocrystals were washed twice more by dissolving them in a small amount of 
toluene and precipitating with acetone, centrifuging, and decanting. Following washing, 
the nanocrystals were dispersed in toluene, yielding a pale yellow, transparent solution.  
To produce growth curves at different temperature syntheses, larger amounts of 
precursor were prepared – 2 mmol of indium precursor for 260 °C and 290 °C and 5 
mmol of indium precursor for 230 ˚C – with the same ratio of indium to oleic acid (2 mL 
oleic acid for every 1 mmol of indium precursor). In all cases, the precursor was injected 
into 13.0 mL oleyl alcohol. The syringe size was adjusted as necessary to accommodate 
the amount of precursor – a 5 mL syringe for 260 °C and 290 °C syntheses and 10 mL 
syringe for the 230 °C synthesis. Small aliquots (200 to 300 µL) of reaction solution were 
removed periodically throughout the reaction and washed as described above. The size of 
the nanocrystals in the aliquots were determined by SAXS. 
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To produce the core-shell nanocrystals, 3 mmol of indium precursor was 
prepared. The cores were formed by adding 1 mmol of precursor at a rate of 4.0 mL/min 
into 290 °C oleyl alcohol. An aliquot was removed. Then the addition was resumed but at 
a rate of 0.17 mL/min for the remaining 2 mmol of precursor. A control experiment was 
carried out as well, in which 3 mmol of precursor was all added at 4.0 mL/min. 
Nanocrystal characterization 
TEM was carried out using FEI Tecnai G2 Spirit microscope. To prepare grids, 
carbon-coated copper grids (400 mesh) procured from Ted Pella were briefly dipped into 
a dilute solution of nanocrystals in toluene (about 0.5 mg nanocrystals/mL) and held 
vertically until solvent dried (about 20 s). HRTEM imaging was carried out using FEI 
Titan 300 kV electron microscope on grids prepared in the same manner. Image analysis 
(size and P/D ratios) was conducted using ImageJ software.91 After minimal processing, 
the background was removed by setting a threshold. The remaining particles were 
analyzed to yield their area and perimeter. For each particle, the area was converted to an 
effective diameter using the formula for the area of a circle regardless of the actual shape, 
and the P/D ratio was determined by dividing the particle’s perimeter by this diameter. 
Examples and details for size and P/D analysis are provided Figures A.5 and A.6. 
SAXS was carried out using a lab-scale SAXSess mc2 instrument from Anton 
Parr (Austria) utilizing a Cu K-alpha X-ray source (operating at 40 kV and 50 mA) and 
CCD detector (Roper Scientific, Germany). Patterns were modeled to determine size and 
size distribution using the Irena software package for IGOR (V 6.37).92 A spherical form 
factor and gaussian size distribution were used to model nanocrystals from syntheses 
carried out at 230 °C and 260 °C while a cubic form factor was used to model 
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nanocrystals from syntheses carried out at 290 °C. XRD patterns were procured with a 
Rigaku SmartLab diffractometer using Cu K-alpha radiation with Bragg-Brentano 
geometry, 0.01° 2-theta step size, at a scan rate of about 0.17°/min. 
 
Bridge to Chapter IV 
 In Chapter III, we studied the effect of monomer flux and synthesis 
temperature on the growth and resultant morphology of indium oxide nanocrystals. The 
indium system is a well-behaved and was ideal for use as a model system to examine 
trends. Because of the great wealth of applications for magnetic iron oxide nanoparticles 
and the great potential that living growth attributes would bring to controlling iron oxide 
nanoparticle structure, we wanted to develop the slow addition method for iron oxide 
nanoparticle growth. Preliminary experiments proved the iron oxide system to be 
complex and challenging. Reproducibility was an issue. Under some conditions the 
nanoparticle size distribution was very large. Under other conditions a variety of different 
shapes were produced. It became apparent that the starting material used to synthesize the 
iron precursor strongly influenced the growth behavior during nanoparticle synthesis. As 
such, we carried out a study to examine what about the different precursors was affecting 
the nanoparticle growth and subsequent morphology.   
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CHAPTER IV 
ACETYLACETONATE IN AN IRON (III) RICH PRECURSOR INDUCES 
TWINNING DEFECTS IN IRON OXIDE NANOPARTICLES 
 
The synthetic work in this chapter was carried out by myself and Kiana 
Kawamura. It was written by myself with the guidance of Jim Hutchison and is intended 
to be submitted for publication. 
 
Introduction 
Magnetic iron oxide nanoparticles have vast potential for a wide variety of 
applications. Because of their magnetic properties and the fact that they are believed to be 
relatively non-toxic,1 iron oxide nanoparticles have been explored for a wealth of 
biomedical applications such as MRI contrast agents,2–8 magnetic particle imaging,9–12 
thermal treatment for cancer therapy,13–22 drug delivery,23 and nanoparticles exhibiting 
therapeutic and diagnostic attributes have been proposed as “theranostic” tools24–26. Their 
magnetic properties have also made them appealing because they can be magnetically 
retrieved after performing some other function. These attributes have made them useful 
as supports for catalysts27–29 and components in purification and separations 
strategies30,31. As a result of all of this potential, iron oxide nanoparticles are extremely 
well-studied.  
For a majority of applications, the size-dependent magnetism plays an important 
role. Impressive size control has been demonstrated in the literature32–36 mainly using 
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heat-up syntheses involving the thermal decomposition of iron oleate to yield iron oxide 
nanoparticles. In thermal decomposition syntheses the paramagnetic wüstite (FeO) phase 
is commonly formed. Unfortunately, for most applications, the desired phases are the 
ferrimagnetic spinel forms magnetite (Fe3O4) and maghemite (g-Fe2O3). Although it is 
possible to oxidize wüstite nanoparticles to the spinel forms after they have been 
synthesized, the magnetic properties fall short of those expected for these structures36–39 
owing to defects introduced in the structure during oxidation.  The saturation 
magnetization values are lower than expected for the spinel phases36,38,39 and 
nanoparticles’ magnetic size is significantly smaller than their physical size—that is, they 
behave as though they are smaller nanoparticles37. 
Much work has been invested in understanding why thermal decomposition 
syntheses produce wüstite. It’s been found that several factors affect the iron oxide 
crystal phase that results during synthesis, including the Fe (III) precursor itself, the 
chemistry of the solvent, as well as byproducts of solvent decomposition. It is believed 
that iron-oxygen bond homolysis that occurs during thermal decomposition reduces 
iron.36,40–42 Others have pointed to the reducing ability of long chain alkenes, which are 
common solvents, at high temperature conditions.38,43 Byproducts of solvent 
decomposition such as CO and H2 have been indicated as another contributor to iron 
reduction.40,44,45  
One approach to reduce the number of defects and improve the magnetic 
properties in iron oxide nanoparticles is to avoid the formation of wüstite and synthesize 
the spinel form directly. Towards this goal, researchers have introduced oxidants during 
nanoparticle growth. Krishnan et al. and Rinaldi et al. found that providing a small 
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amount of gaseous oxygen was sufficient to form spinel iron oxide instead of wüstite.36,37 
Anikeeva et al. discovered that an aromatic ether solvent, such as dibenzyl ether, can 
behave as an oxidizer when it breaks down thermally, enabling spinel nanocrystals to 
grow.38 An alternate strategy, however, would be to avoid the reducing pathways in heat-
up syntheses that lead to wüstite.  To do this, one must avoid the high temperatures 
(>300 °C) that lead to thermal breakdown of the organic ligands and/or solvent and the 
concomitant reduction of the metal. 
A suitable synthetic method to test this approach is the lower temperature, 
continuous growth synthesis developed in our group.  Here, a metal oleate precursor is 
slowly added to hot oleyl alcohol (230 to 290 °C) using a syringe pump. At these lower 
temperatures, thermal decomposition of metal oleates is very slow.  Instead, the metal 
center behaves as an esterification catalyst between the oleate/oleic acid and oleyl alcohol 
resulting in the production of metal hydroxide species.46,47  These metal hydroxide 
species condense with one another to form and grow the metal oxide nanoparticles. 
Growth is continuous and the rate can be controlled by the addition rate of precursor, 
offering excellent control over multiple aspects of nanocrystal structure and composition. 
A variety of new structures can be prepared with different metal oxide compositions,46 
controlled nanocrystal size47 and morphology48, and dopant distributions within the 
nanocrystals49,50. Because of the successes in other metal oxides, we thought this 
continuous growth synthesis could provide the same advantages to iron oxide.  
It became apparent quickly that the nanoparticle growth with this system was 
sensitive to the iron precursor used. When an Fe (II) rich oleate, synthesized from 
Fe(acetate)2, was employed, spherical spinel iron oxide nanoparticles with diameters 
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smaller than 10 nm were formed. These samples possessed low concentrations of crystal 
defects and high saturation magnetization values compared to similarly sized 
nanoparticles produced by thermal decomposition methods.51 However, attempts to grow 
nanoparticles that were larger than about 10 nm produced samples with broad size 
dispersity that contained wüstite in their cores. We wondered whether the oxidation state 
of the precursor might influence the growth of these nanoparticles and turned to a Fe (III) 
rich oleate precursor synthesized from Fe(acac)3. Utilizing this new precursor, it was 
possible to grow larger nanoparticles (diameters > 10 nm), but a variety of morphologies 
(Figure 4.1) were produced that we had not observed in any of our other iron oxide 
nanoparticle syntheses. Furthermore, we hadn’t observed similar shapes in the literature. 
Various ligands43,52,53 and/or ligand concentrations54,55 are often employed for directing 
growth of specific shapes. However, ligands causing these morphologies doesn’t seem to 
be the case here since the Fe (II) rich and Fe (III) rich precursors possess the same ligand 
(oleic acid) with the same concentration. Because the nanocrystal morphology affects the 
properties of these materials, we wanted to understand what was causing this 
phenomenon and learn how to control morphology. 
Herein we examine the influence of metal oxidation state and ligation in the 
precursor on the morphology of nanocrystals produced from different iron oleate 
precursors.  In particular, we investigate the combined effects of iron oxidation state (Fe 
(II) vs. Fe (III)) and the role of acetylacetonate on the nanocrystal morphology, presence 
or absence of defects, and the crystal phase produced. From this information we show 
that twinning defects are likely caused by the difficulty in reducing Fe (III) 
acetylacetonate species. 
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Figure 4.1.Comparison of nanoparticles resulting from identical synthesis conditions but 
using an Fe (III) oleate precursor (A) or an Fe (II) oleate precursor (B). Nanoparticles 
were synthesized by adding iron oleate precursor into 230 °C oleyl alcohol at a rate of 0.2 
mL/min. Size analysis is in Appendix (Figure B.1). 
 
Research and Discussion 
The most common method to produce iron oleate is the salt-exchange method, 
wherein FeCl3 and sodium oleate are refluxed for several hours in a mixture of water, 
ethanol, and hexane.34 However, we decided to use an unconventional synthesis method 
for several reasons. The salt-exchange method exposes the iron oleate complex to ethanol 
and water which have been shown to coordinate to the iron oleate.56 Nanoparticle size 
and size dispersity are highly sensitive to the specific treatment during iron oleate 
synthesis as a result of the variable binding environment.36,56,57 Furthermore, remnant 
sodium and chloride can contaminate growing iron oxide nanoparticles which may affect 
their shape.43,58 Starting from an iron salt with a volatile ligand and exchanging with an 
excess of oleic acid eliminates the need for exposure to water or any other chemical 
during post synthesis purification.  
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The Fe (III) rich precursor used throughout most of this study was prepared by 
mixing Fe(acac)3 with approximately six molar excess of oleic acid (2 mL oleic acid for 
every 1 mmol Fe(acac)3) for one hour in a 150 °C oil bath with air flowing over head. 
The period of an hour seemed reasonable based on an isothermal thermogravimetric 
analysis (TGA) of Fe(acac)3 carried out at 150 °C. Ninety percent of the mass loss 
occurred within 40 minutes of reaching 150 °C (Figure B.2). The same procedure was 
followed for the preparation of Fe (II) rich precursor except Fe(acetate)2 was used instead 
of Fe(acac)3 and N2 instead of air was flowed overhead. FTIR analysis of the resulting 
precursor materials is shown in Figure 4.2. 
 
Figure 4.2. FTIR and optical characterization of Fe (II) rich and Fe (III) rich precursors. 
The Fe (III) rich precursor is shown in red and Fe (II) rich precursor black. The full range 
of acquired FTIR spectrum is shown in (A), and an expanded plot of the region relevant 
for metal-carboxylate binding is shown in (B). Optical absorbances of precursors in 
hexanes solutions are shown in (C) with an inset of the NIR region. 
 
The majority of the FTIR spectrum is the same for the two precursors with the 
exception of the region from ~1350 to 1700 cm-1, which is the region of interest for 
carboxylate groups binding to metal cations. Symmetric vibrations of the carboxylate 
group are exhibited from 1350 to 1500 cm-1 and asymmetric vibration from 1500 to 
1700 cm-1.59 The symmetric vibration region is similar for both precursors only with 
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slightly different intensities. In the asymmetric region, however, the Fe (II) rich precursor 
exhibits primarily one peak while the Fe (III) rich precursor has two.  The separation 
between peaks in the symmetric and asymmetric region, known as D, can lend 
information as to the binding mode of the carboxylate group:  D < 110 cm-1 suggests 
bidentate, 140 < D < 200 cm-1 suggests bridging, and D > 200 cm-1 suggests unidentate 
coordination.56 Thus, the Fe (II) rich precursor (taking the value of 1440 as the symmetric 
vibration value) has a separation of ~ 160 cm-1 indicative of bridging while the Fe (III) 
rich precursor has separations of ~160 and ~83 cm-1 indicating bridging as well as 
bidentate binding. The bridging binding mode observed for the Fe (II) rich precursor is 
consistent with a polymeric structure which is reported for Fe (II) acetate.60  The Fe (III) 
rich precursor FTIR spectra is similar to those reported for iron oleate prepared using the 
salt-exchange method wherein binding modes are bridging and bidentate.36,56,61  
To understand more about the precursor structures and because we had noticed 
that the two precursors appeared to be slightly different colors (the Fe (II) precursor was 
a dark brown-purple while the Fe (III) rich precursor was a dark red-brown), we acquired 
optical absorbance. Both precursors begin to absorb strongly in the ultraviolet region and 
exhibit a shoulder peak around 350 nm, while their absorbance in the near-infrared (NIR) 
region are quite different. The Fe (II) rich precursor has two peaks: one around 745 nm 
and a very broad peak with a maximum at about 1120 nm. The Fe (III) rich precursor 
only exhibits one peak in the NIR around 960 nm, which indicates the presence of a tri-
iron-oxygen center.62  
Others have suggested a tri-iron-oxo-cluster with six bridging oleate groups as the 
structure of Fe (III) oleate synthesized with the salt-exchange method.36,61 This structure 
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is consistent with our analysis, since our optical absorbance indicates a tri-iron-oxo core 
and FTIR spectrum shows bridging carboxylate groups of our Fe (III) rich precursor. 
However, the FTIR spectrum also indicates the presence of bidentate binding mode. This 
must mean that either the tri-iron-oxo complex has a mix of bridging and bidentate oleate 
groups rather than all bridging, or that there is an additional species present in the 
precursor, possibly a mononuclear complex, that has bidentate carboxylate groups. 
Regardless, the characterization of our Fe (III) rich precursor is very similar to Fe (III) 
rich oleate produced by the salt-exchanged method. 
From studies employing Fe (III) rich oleate, it appears to be sensitive to reduction 
by thermal decomposition even at relatively mild temperatures. Feld et al. utilized 
MALDI-TOF MS to analyze Fe (III) rich oleate during the heating period before 
nucleation occurs in heat-up syntheses (octadecene solvent) and found that the presence 
of Fe (II) oleate species increases between the temperatures of 130 and 200 °C.42 
Similarly, Kemp et al. sampled reaction mixtures during the temperature ramping step of 
heat-up syntheses and determined Fe (II)/Fe (III) content using potassium permanganate 
titration. They found that Fe (III) reduction was beginning to occur by 180 °C.36 We 
wanted to carry out the iron oxide synthesis at relatively low temperatures based on these 
studies. 
Nanoparticles were synthesized with each precursor type using the same 
procedure. Six milliliters (3 mmol Fe) of the precursor was loaded into a syringe and 
added to 12.5 mL of 230 °C oleyl alcohol at a rate of 0.2 mL/min (0.1 mmol Fe/min) 
using a syringe pump. Nitrogen gas was flowed through the reaction vessel at about 110 
mL/min. At the end of the precursor addition, the reaction mixture was maintained at 
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230 °C for 20 minutes to ensure all the starting material had reacted. The resulting 
nanoparticles were separated by precipitation with acetone and centrifugation. The 
nanoparticles were washed twice more by dissolving in a small amount of toluene and 
precipitating with acetone (1:6 ratio of toluene:acetone). Thereafter, nanoparticles were 
easily dispersed in nonpolar solvents such as hexanes or toluene. The nanoparticles’ size 
and morphology were determined using transmission electron microscopy (TEM) (Figure 
4.1, above), their crystal structure was determined using XRD, and their crystal phase 
(magnetite/maghemite) was determined via optical absorbance (Figure 4.3). 
 
 
Figure 4.3. Phase characterization of nanoparticles by XRD (A) and optical absorbance 
(B). XRD of nanoparticles produced from standard Fe (III) precursor (center, red trace) 
and Fe (II) precursor (top, black trace) are compared with a Fe3O4 pattern from the 
literature (bottom, blue).63 Optical absorbance nanoparticle solutions normalized to the 
isosbestic point of magnetite/maghemite (400 nm) produced from standard Fe (III) 
precursor (red) and Fe (II) precursor (black). 
 
The XRD patterns of both samples of nanoparticles match that of the spinel 
structure (Figure 4.3). The optical absorbance can lend information about 
magnetite/maghemite composition as magnetite has broad absorbance in the NIR region 
while maghemite has no absorbance in this region.64 Both nanoparticle samples absorb in 
 
90 
 
the NIR suggesting they contain magnetite. Based on the magnitude of the nanoparticles’ 
absorbance at the magnetite/maghemite isosbestic point (400 nm) and in the NIR, the 
nanoparticles produced from Fe (III) rich precursor are approximately 55% magnetite, 
45% maghemite while the nanoparticles produced from Fe (II) rich precursor are 59% 
magnetite and 41% maghemite. Oxidation of magnetite to maghemite likely occurs after 
synthesis because we observed a prominent NIR absorbance immediately following 
synthesis that decreases over time. The Fe (III) rich precursor yielded nanoparticles that 
were slightly more oxidized. This may be because the nanoparticle morphologies it 
produced had higher surface areas compared to the spherical particle produced by the Fe 
(II) rich precursor, and oxidation must occur at the surface of the nanoparticle. Thus, the 
higher surface area nanoparticles produced from Fe (III) rich precursor are more 
oxidized. 
TEM images of the nanoparticles produced from the Fe (III) rich precursor were 
examined to further explore the production of the various morphologies. Many of the 
shapes appear to be rounded off diamonds and squares which are likely octahedra 
oriented differently on the TEM grid. Spinel iron oxide nanoparticles are often 
encapsulated by {111} facets since it is the lowest energy surface, and which results in an 
octahedral three-dimensional shape.65,66 Irregular shapes are also exhibited: triangles, 
elongated rectangles, and larger particles with distinct contrast changes. We suspect that 
most of the triangle-shaped particles are triangular plates given that they typically don’t 
exhibit dark centers which would be expected for tetrahedral nanoparticles. The TEM 
shows a few elongated, relatively narrow rectangular shapes, which could be platelet 
particles oriented on their sides. A few triangle-shaped particles also have darker centers 
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indicating they are thicker in the center indicating they may be tetrahedra, which, like 
octahedra, also results from {111} faceting. The round shapes exhibiting contrast changes 
suggests the presence of polycrystalline nanoparticles. From TEM images it wasn’t clear 
what these various nanoparticle structures had in common. 
To understand the crystallinity and facets terminating the nanoparticles, we 
performed high-resolution TEM (HRTEM) analysis on the (Figure 4.4). Many of the 
nanoparticles were in fact single crystal based on HRTEM images and fast-Fourier 
transform (FFT) patterns. In these cases, the HRTEM image showed continuous, 
uninterrupted array of atomic columns, and the FFT pattern taken from the image 
corresponded to those expected from diffraction along a particular zone axis (as in Figure 
4.4A and B). The triangle particles also exhibited a regular array of atoms (Figure 4.4C), 
but their FFT patterns were unusual. Spots in the FFT pattern were typical for [111] zone 
axis, and the prevalence of triangular particles oriented along [111] zone axes suggests 
that the (111) plane is the basal plane of these particles. However, in addition to expected 
FFT pattern, there were also unexpected spots (circled in orange in Figure 4.4D). 
Additionally, the polycrystalline particles also displayed many more spots than expected 
for a single crystal nanoparticle. They usually appeared to have five crystallites (Figure 
4.4E) suggesting they are decahedra, and their FFT pattern likely resulted from the 
overlap of multiple crystal orientations (Figure 4.4F). Overall, most of the nanoparticles 
are terminated by (111) planes. The nanoparticles with unusual morphologies, that is, not 
octahedra, appear to possess defects. 
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Figure 4.4. HRTEM of nanoparticles produced from standard Fe (III) rich precursor 
demonstrating the variety of nanoparticles produced (A, C, and E) with accompanying 
FFT patterns (B, D, and F, respectively) to understand crystallinity. 
  
The triangular plates and five-segmented polycrystalline nanoparticles are 
indicative of twin defects.67,68 Noble metals with fcc crystal structures often possess twin 
defects along {111} planes and result in similar-looking nanoparticles.67 Twinning is 
somewhat common because it’s a low energy defect68 and also occurs in magnetite which 
similarly possess fcc crystal structure.69 Once a twin forms, crystal growth can be 
propagated along the twinned plane, which results in characteristic morphologies 
(triangle or hexagonal plates, decahedra, sometimes rods or icosahedra).68,69 A twin 
defect is the reversal of atomic stacking sequence along a particular crystal direction. 
Instead of the typical ABCABC sequence, a twin defect would have ABCBAC 
sequence.68 The presence of a twin defect in triangular plate nanoparticles would explain 
the extra spots in the FFT pattern. Wei et al. observed unexpected spots in FFT patterns 
of twinned iron oxide nanoplates70 as did Xiong et al. in the case of twinned palladium 
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particles71 apparently due to 1/3{422} reflection that is usually forbidden for fcc packing. 
Although a variety of morphologies are produced from the Fe (III) rich precursor, each 
can be explained by the presence of twin defects.  
With a better understanding of the nanoparticles produced by the two different 
precursors, we assessed how the oxidation state of iron was changing in each case. For 
the Fe (II) rich precursor, in situ PDF studies have suggested that nanoparticles actually 
grow as wüstite but quickly oxidize to the spinel structure phases when exposed to 
ambient conditions.72 In the case of the Fe (III) rich precursor on the other hand, Fe (III) 
must be partially reduced during the synthesis of nanoparticles. We are not certain of the 
mechanism of reduction, but a mild thermal decomposition route may be the source based 
on recent studies on iron oleate discussed earlier.  
What about the Fe (III) rich precursor is causing twin defects to form? As a 
starting point to answering this question, we considered differences between the Fe (II) 
rich precursor (synthesized from Fe(acetate)2) and the Fe (III) rich precursor (synthesized 
from Fe(acac)3). Differences between the two precursors include the iron oxidation state, 
of course, and also the ligands. We had reason to believe that the acetylacetonate ligand 
is difficult to exchange completely because it is a bidentate chelating ligand. 
Additionally, successful exchange required temperatures no less than ~150 °C. Our 
attempts to lower the exchange temperature (below 150 °C) during iron oleate 
preparation by applying vacuum were unsuccessful based on the persistence of solid, 
presumably Fe(acac)3. 
One hypothesis for the source of twin-formation is that acetylacetonate ligands 
aid in the oriented attachment of nanoparticles. In the iron oxide nanoparticle literature, 
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the source of twinning is often attributed to oriented attachment mechanisms assisted by 
magnetic attraction between nanoparticles.13,69 The [111] direction is the easy axis of 
magnetization and could aid in orienting nanoparticles and facilitating attachment, and 
potential twin formation, along (111) planes. Since acetylacetone is relatively short, it 
may allow the close proximity of nanoparticles required for oriented attachment to 
occur.73  
A second hypothesis revolves around the iron oxidation state. It appears that 
twinned planes in the spinel structure could be Fe (II) deficient.  Gilks et al. described 
twinning in magnetite films as missing an octahedral cation plane.74 Octahedral sites in 
the magnetite crystal are rich in Fe (II) where the Fe (II) to Fe (III) ratio is one to one 
(tetrahedral sites are 100% Fe (III)). Furthermore, the local anion packing around a twin 
defect is hcp instead of ccp (fcc structures have ccp).68,69,75 Hematite, a-Fe2O3, has an hcp 
oxygen lattice and comprises only Fe (III) cations.76 Because twin defects appear to be 
rich in Fe (III) and mimic the hematite lattice, perhaps Fe (II) must be present in order to 
grow the spinel lattice. When it is deficient, a hematite-like layer may begin to grow, 
which becomes the twin defect in a spinel lattice. Therefore, if the concentration of Fe 
(II) is very low, then twin defects are more likely to form and propagate. 
Towards testing our first hypothesis related to acetylacetonate ligands, we 
prepared an Fe (III) rich precursor that was free of acetylacetonate. Devising a synthesis 
of such a precursor was not straightforward. Extending the Fe(acac)3/oleic acid exchange 
longer than an hour, while likely effective to remove more acetylacetone, also began to 
reduce Fe (III) based on optical absorbance (Figure B.3). The use of Fe(NO3)3 as starting 
material for preparing the precursor was also unsuccessful. Oleic acid appeared to be 
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oxidized by the nitric acid produced in situ and use of the precursor in a synthesis 
resulted in nanoparticles that were highly disperse with respect to size and shape (Figure 
B.4). We also tried Fe(OH)(acetate)2 as an iron source, but it produced nanoparticles 
during exchange with oleic acid (Figure B.5). Because of these difficulties, we resorted to 
oxidizing the Fe (II) rich precursor by exposing it to ambient conditions and monitoring 
its FTIR spectrum and optical absorbance over time (Figure 4.5A, B).  
 
 
Figure 4.5. FTIR (A) and absorbance (B) of initially Fe (II) rich precursor as it oxidized 
over time and electron microscopy characterization (C, D, and E) of nanoparticles 
resulting from synthesis. The precursor aged for 64 days was used to synthesize 
nanoparticles shown in the TEM (C) and HRTEM image (D). An FFT pattern from the 
HRTEM image is shown in (E). The average nanoparticle size was 10.6 ± 1.4 nm (Figure 
B.6). Additional HRTEM images in Figure B.7. 
  
Dramatic changes in the FTIR and optical absorbance were observed over time 
and eventually resembled the standard Fe (III) precursor. As it oxidized, a second peak in 
the asymmetric carboxylate vibration region of the FTIR spectrum grew in, indicative of 
bidentate binding—analogous to the standard Fe (III) precursor prepared from Fe(acac)3. 
Similarly, the initial broad absorbance in the NIR region diminished into a smaller one at 
950 nm, indicative of the tri-iron-oxygen-core species and, again, similar to the standard 
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Fe (III) precursor (Figure 4.5B).  Direct comparison of the oxidized precursor to the 
standard Fe (III) precursor shows only subtle differences in the optical absorbance, and 
the differences are due to presence of acetylacetonate ligands (Figure B.8). 
Nanoparticles were synthesized using the oxidized precursor with the same 
conditions that were used for the previous nanoparticle syntheses (addition of precursor at 
0.2 mL/min into 230 °C oleyl alcohol). The projected shapes in TEM images of the 
resulting nanoparticles were mostly diamonds and squares suggesting morphology was 
primarily octahedral. Shapes characteristic of twin defects—triangles and decahedra—
were notably absent. Spherical particles, like those produced from the Fe (III) rich 
precursor, were also absent. Further examination with HRTEM (Figure 4.5C, D, and 
Figure B.7) of the nanoparticles revealed that the majority nanoparticles were single 
crystal.  
The lack of twinning from this oxidized precursor supports our first hypothesis 
that acetylacetonate may aid an oriented attachment events and seems to rule out our 
second hypothesis that twinning is a result of Fe (II) deficiency. The oxidized precursor 
appears to show that acetylacetonate ligands must be associated with twin defect 
formation. If acetylacetonate ligands are solely responsible for twin defects, then ligating 
Fe (II) precursor with acetylacetonate should yield twin defects as well. Towards this 
end, we prepared Fe (II) precursor and stirred with acetylacetone for a period of ten 
minutes. FTIR spectra were acquired before and after (Figure 4.6A). Following the 
period of stirring, a new peak appeared that was not present in either acetylacetone or Fe 
(II) rich precursor. The new peak was located at 1525 cm-1, which is also present in the 
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literature reports of Fe(acac)2 (Figure B.9) suggesting acetylacetonate coordinated with 
iron. 
 
 
Figure 4.6. FTIR characterization of Fe (II) rich oleate with added acetylacetone used as 
precursor and TEM (B) and HRTEM (C) images of the resulting NPs. Additional 
HRTEM shown in Appendix Figure B.10. 
  
Synthesis with the Fe (II) rich precursor containing acetylacetonate did not induce 
twin formation. The synthesis was carried out by adding the precursor at the same 
addition rate of iron as all the previous syntheses. The resulting nanoparticles appear to 
have rougher surfaces (Figure 4.6B) compared to the previous nanoparticles produced 
with Fe (II) rich precursor, but HRTEM images did not indicate the presence of twins 
(Figure 4.6C and D, Figure B.10). 
From the results displayed in Figures 4.5 and 4.6, neither Fe (III) oxidation state 
alone nor acetylacetonate ligation alone results in twinned nanoparticles. Instead, it 
appears that the combination of Fe (III) oxidation state with acetylacetonate ligands is 
responsible for twin defect formation. One possible explanation for the role of 
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acetylacetonate with Fe (III), is that Fe (III) acetylacetonate inhibits reduction of Fe (III) 
to Fe (II), which is required for the production of the spinel structure. From the literature, 
we know that Fe (III) oleate is susceptible to homolytic cleavage of the iron-carboxylate 
bond and, therefore, reduction to Fe (II). Perhaps Fe (III) species containing 
acetylacetonate ligands do not undergo the same chemistry as readily.  
We reviewed iron oxide thermal decomposition syntheses in the literature to 
compare those that use Fe (III) oleate starting material and those that use Fe(acac)3—both 
of which are common. It became evident that, syntheses utilizing Fe(acac)3 as a starting 
material are not as likely to produce reduced phase wüstite compared to iron 
carboxylate.32,33 For example, Kim et al. reported the formation of magnetite nanocubes 
in a heat-up synthesis comprising Fe(acac)3, oleic acid, and benzyl ether solvent.77 As 
mentioned in the introduction, benzyl ether may have an oxidizing effect in heat-up 
syntheses and could also explain the formation of magnetite instead of wüstite. A side-
by-side comparison of Fe(acac)3 versus an Fe (III) carboxylate starting material is more 
convincing. Pérez et al. did just that. They measured byproducts of thermal 
decomposition throughout heat-up syntheses wherein Fe (III) decanoate or Fe(acac)3 
were used as starting materials.41 Byproducts of thermal decomposition would indicate a 
propensity for Fe (III) reduction to Fe (II) since thermal decomposition is the mechanism 
that reduces iron. In the study, they found that thermal decomposition byproducts were 
formed at higher temperatures and at lower concentrations when Fe(acac)3 was used.41 
This suggested that Fe(acac)3 was more difficult to reduce by thermal decomposition 
compared to the Fe (III) carboxylate starting material.  
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There’s also evidence that Fe(acac)3 starting material sometimes results in 
twinned nanoparticles. Erné et al. utilized the synthesis procedure put forth by Sun and 
Zeng wherein Fe(acac)3, oleic acid, oleylamine, and 1,2-hexadecanediol, are heated in 
phenyl ether to yield spinel iron oxide nanoparticles.78,79 Seeded growth steps were used 
to grow larger particles at which time they observed twinned nanoparticles. Wang et al. 
observed twinned particles following a similar procedure.80  
If Fe(acac)3 is more difficult to reduce and thus leads to twinning defects, then 
providing an Fe (II) source to the standard Fe (III) precursor (which contains 
acetylacetonate ligands) should mitigate twin formation. We tested this by carrying out a 
nanoparticle synthesis with a mixed precursor consisting of two parts standard Fe (III) 
precursor and one part Fe (II) precursor—following the ratio of Fe (III) to Fe (II) in 
stoichiometric magnetite. The FTIR of the mixed precursor reflects the mixture’s starting 
materials (Figure 4.7A) where there is a bridging peak at ~1600 cm-1 and less intense 
bidentate peak at ~1540 cm-1. The nanoparticle synthesis was performed under the same 
conditions as previous syntheses (precursor added at 0.2 mL/min into 230 °C oleyl 
alcohol). TEM images of the resulting particles are shown in Figure 4.7B. 
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Figure 4.7. FTIR (A) characterization of the mixed precursor (lower, black trace) 
consisting of one part Fe (II) rich precursor (blue trace) and 2 parts standard Fe (III) rich 
precursor (red trace) and TEM image of the resultant NPs (B). 
 
The TEM images resulting from the mixed precursor synthesis appear to be free 
of twinning defects. Nanoparticles are somewhat faceted and rounded off diamonds and 
square shapes suggesting octahedral morphology. There are not nanoparticles 
polycrystalline nor triangular shaped nanoparticles that would indicate twin formation. 
We were concerned, however, that we had simply diluted the acetylacetonate ligands to a 
great enough extent that they could not induce twin-formation. For this reason, we carried 
out a similar synthesis wherein a mixed precursor with added acetylacetone was used. 
The results were strikingly similar. The nanoparticles appeared to adopt octahedral 
morphology and did not exhibit twinning defects (Figure B.11). From these results, then, 
it appears that Fe (III) acetylacetonate’s ability to form twin defects is mitigated by the 
addition of an Fe (II) source. 
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Figure 4.8. Growth curve of mixed precursor (A) and TEM images of highly twinned 
nanoparticles (B). Plot of average nanoparticle volume during the synthesis of 20 mmol 
of mixed precursor. TEM image of the final nanoparticles (average diameter is 18 nm) is 
inset. TEM images of nanoparticles produced with Fe (III) rich precursor that was 
exchanged for only 20 minutes (B). 
  
To demonstrate control over the nanoparticle morphology and growth from what 
we learned in this study, we synthesized large iron oxide nanoparticles and also highly 
twinned nanoparticles. Utilizing the mixed oxidation state precursor, 20 mmol was 
prepared and added into 230 °C oleyl alcohol at 0.2 mL/min. After approximately every 5 
mmol added, the addition of precursor was paused, and more oleyl alcohol was slowly 
added by hand into the flask to replenish what had been consumed by esterification. 
Small aliquots of the reaction mixture were removed during the synthesis and analyzed 
by small angle X-ray scattering (SAXS) to determine the nanoparticle size. Plotting the 
nanoparticle volume as a function of precursor added reveals a linear trend (Figure 4.8A). 
This implies that all the nanoparticles in the reaction continually grow and no new 
particle-formation events occur—attributes of a living growth synthesis. The resulting 
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nanoparticles appeared to be rounded octahedra in shape and were approximately 18.7 ± 
2.5 nm in size. 
Highly twinned nanoparticles were synthesized by exchanging Fe(acac)3 with 
oleic acid for a period of 20 minutes instead of one hour. Three millimoles of this 
precursor was added into 230 °C oleyl alcohol at a rate of 0.2 mL/min to yield the 
nanoparticles displayed in Figure 4.8B. Almost every nanoparticle exhibits morphologies 
indicative of twin defects. These include triangular plates (some of which are truncated) 
and well-defined pentagons that, which are decahedral nanoparticles.  
Conclusions 
In this study, the effect of iron oleate precursors on the morphology and defect 
formation of iron oxide nanoparticles was examined in a slow precursor addition 
synthesis. Iron oleate precursors prepared from different starting materials were 
characterized using FTIR and optical absorbance to analyze their oxidation states and 
ligation environment. All syntheses using various precursors were carried out under 
identical conditions and resulting nanoparticle morphologies and defects were 
characterized using TEM and HRTEM. A correlation was found between Fe (III) 
acetylacetonate species in the Fe (III) rich precursors and twin defects in the 
nanoparticles. Twinning was alleviated when an Fe (II) source was provided. Based on 
the fact that twins in spinel iron oxide seem to have a local deficiency in Fe (II) cations, 
we believe that twin formation occurs when there is a lack of Fe (II) available. The 
acetylacetonate-ligated Fe (III) rich oleate leads to more twinning because it is more 
difficult to reduce compared to the Fe (III) precursor possessing only oleate ligands. 
 
103 
 
With these insights, greater control can be gained in iron oxide nanoparticle with 
the slow addition synthesis discussed in this chapter as well as in heat-up syntheses. In 
the slow addition synthesis, using a mixed oxidation state precursor enables the 
continuous growth of octahedral nanoparticles. If twinned nanoparticles are desired on 
the other hand, deliberately maintaining acetylacetonate ligands in an Fe (III) rich 
precursor will yield highly twinned nanoparticles. Given the successes achieved with 
catalysis of other twinned nanoparticles,81,82 twinned iron oxide nanoparticles may be of 
interest for study with respect to their catalytic behavior. Beyond the slow addition 
synthesis, strategies have been put forth in the heat-up synthesis literature towards 
avoiding over reduction of iron to yield spinel iron oxide phases. Based on our 
conclusion that iron-acetylacetonate species are more difficult to reduce, using Fe(acac)3 
in heat-up syntheses could aid in eliminating over-reduction and wüstite formation.  
Beyond spinel iron oxide synthesis, utilizing Fe (III) acetylacetonate species may 
be a strategy for the synthesis of hematite (a-Fe2O3) nanoparticles. Currently, hematite 
nanoparticle syntheses are not well-controlled and have high size and shape dispersions.83 
As twin defects possess local hematite-like packing (hcp), then suppressing Fe (III) 
reduction completely during synthesis may induce the formation of hematite 
nanoparticles instead of spinel. If this is possible, then the slow addition method could 
provide a means to synthesize monodisperse hematite nanoparticles. Furthermore, doping 
with various metals (Ni, Zn, Co, Ba, etc.) would yield hexaferrite nanoparticles that have 
high permeabilities and are of interest for a multitude of communications applications 
and technologies.84  
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Experimental 
Materials 
Fe(acac)3 (99.9%), Fe(acetate)2 (99.99%), and Fe(NO3)3•9(H2O) (99.95%) were 
purchased from Sigma Aldrich. Oleic acid (85%) and oleyl alcohol (85%) were 
purchased from Alfa Aesar. Hexanes (99.9%), acetone (99.5%), and toluene (99.9%) 
were procured from Fisher Chmical.  Fe(OH)(acetate)2 (95%) was obtained from Alfa 
Chemistry. 
Synthesis of precursor 
For a typical synthesis of the standard Fe (III) rich precursor, 4 mmol Fe(acac)3 
and 8 mL oleic acid were loaded into a glass vial and suspended in a 150 °C oil bath. The 
mixture was magnetically stirred for one hour with a gentle flow of air overhead to carry 
away acetylacetone released by the ligand exchange. Similarly, Fe (II) rich precursor was 
prepared by mixing 4 mmol Fe(acetate)2 with 8 mL oleic acid in a 150 °C oil bath but 
with N2 flowing overhead instead of air to prevent oxidation. For the acetylacetonate Fe 
(II) precursor, 3 mmol of Fe (II) rich precursor was prepared as described. Then 3 mmol 
(0.3 mL) of acetylacetone was added and the solution was stirred for 10 minutes at room 
temperature before use. For the mixed precursor, Fe (III) rich precursor and Fe (II) rich 
precursor were prepared separately. Then 4 mL Fe (III) rich precursor was mixed with 2 
mL Fe (II) rich precursor for about 10 minutes before use. 
Characterization of precursors 
FTIR characterization of the precursor was carried out with Nicolet 6700 FTIR 
from Thermo-Fisher. Some spectra were acquired using salt plates, and some were 
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acquired with diamond ATR accessory. Optical absorbance was carried out with a 
Perkin-Elmer Lambda-1050 UV/Vis/NIR spectrophotometer. To acquire optical 
absorbance, precursors were diluted with hexanes. For the UV-Visible region, 5 µL of 
precursor was dissolved in 1 mL hexanes to make a ~ 2.5 mM concentration (Fe basis) 
solution. For the NIR region, 25 µL of precursor was dissolved in 2 mL hexanes to make 
a ~ 6.3 mM solution. Absorbance spectra were collected from 250 nm to 1800 nm with 5 
nm steps of solutions loaded in a quartz cuvette with 2 mm pathlength.  
Synthesis of nanoparticles 
For synthesis of nanoparticles, 6 mL (~3 mmol Fe) of precursor was loaded in a 
10 mL BD plastic syringe and a six-inch 18G needle was attached. Precursor was then 
added at a rate of 0.2 mL/min into 12.5 mL of 230 °C oleyl alcohol in a 100 mL 3-neck 
round bottom flask using a KD scientific syringe pump. When precursors with added 
acetylacetone were used, the addition rate was adjusted to 0.21 mL/min so that the 
addition rate based on iron (1 mmol/min) was the same as other syntheses. A Glas-Col 
DigiTrol II temperature controller and heating mantle were used to heat the reaction. The 
reaction solution was magnetically stirred with a football-shaped stir bar. N2 gas was 
flowed through the flask during synthesis. An image of the reaction flask during synthesis 
is included in Figure B.11. At the end of the precursor addition period, a 1 mL aliquot of 
the reaction solution was removed, and the remainder was maintained at 230 °C for 20 
minutes to ensure all precursor was consumed. After the reaction mixture cooled to room 
temperature a precipitate could be observed, which were nanoparticles. The nanoparticles 
were purified by further precipitation with a large excess of acetone (at least 2:1 acetone 
to reaction mixture) and centrifuged at 7000 rpm for 10 minutes. The dark black-brown 
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solid was then dispersed in a ~5mL toluene, precipitated with ~ 40 mL acetone, and 
centrifuged again. This last sequence was repeated once more. Nanoparticles were 
typically dispersed in toluene for storage. 
For the 20 mmol scale synthesis, a 250 mL three neck round bottom flask and an 
over-headed stirrer with a Teflon paddle were used. We found that magnetic stirring 
caused issues as the nanoparticles grew larger and would be strongly attracted to the stir-
bar. Initially, 12.5 mL oleyl alcohol was heated in the reaction flask to 230 °C and 
precursor was added at 0.2 mL/min. N2 was flowed in the overhead space. After adding 
about 5 mmol (10 mL) of precursor, the addition of precursor was paused and 12 mL of 
oleyl alcohol was added by hand. Then, the precursor addition was resumed, and the 
process repeated until approximately 40 mL of precursor had been added. Growing 
beyond ~19 mL proved to be an issue apparently because of the magnetic attraction 
between nanoparticles. Nanoparticles appeared to aggregate together, and size dispersity 
increased.  
Characterization of nanoparticles 
For TEM characterization, a dilute dispersion of nanoparticles (~ 0.5 mg/mL) in 
toluene was prepared, and a TEM grid (TED Pella, 400 mesh carbon-coated copper grid) 
was dipped into the solution and allowed to dry while being held vertically. Images were 
acquired on an FEI Tecnai G2 Spirit TEM. High resolution TEM images were acquired 
Titan 80-300 electron microscope. ImageJ software was used to analyze TEM data. TEM 
size analysis was performed according to Woehrle et al.85 For XRD sample preparation, a 
thick layer of nanoparticles was deposited on (100) Si wafer substrate by drop casting a 
concentrated dispersion of nanoparticles. XRD was then acquired using a Rigaku 
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Smartlab diffractometer from 10 to 65 degrees 2-theta with 0.01-degree step size at a rate 
of 0.17 degrees/min. Cu Ka radiation and Bragg-Brentano geometry were used along 
with a diffracted beam monochromator to eliminate the large fluorescent background 
from iron. Dilute nanoparticle dispersions in toluene (0.2 mg/mL) were prepared for 
optical absorbance. Absorbance was collected of solutions loaded in a 2 mm pathlength 
cuvette from 250 to 2200 nm at step size of 5 nm. For SAXS characterization, aliquots 
(0.3 mL) of reaction mixture were washed once with acetone (~7 mL) and dispersed in ~ 
1 mL toluene. Nanoparticle solutions were loaded in capillary tubes and sealed with 
epoxy. SAXS patterns were collected with an Anton Paar SAXSess mc2, and data was 
modeled using Irena software package to determine nanoparticle diameter.86 For the 
modelling, a spherical form factor and a gaussian distribution were used. The volumes 
reported in Figure 4.8A were calculated from the resulting average diameters.  
 
Bridge to Chapter V 
Here we analyzed the Fe (II) and Fe (III) rich precursors and the nanoparticle 
morphology and defects resulting from their use in the synthesis. The following chapter 
utilizes the Fe (II) rich precursor which exhibits attributes of a living synthesis when used 
to synthesize relatively small (under 10 nm in diameter) nanoparticles. We leveraged this 
synthesis behavior to examine the size-dependent magnetic properties of small iron oxide 
nanoparticles.  
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CHAPTER V 
INSIGHTS INTO THE MAGNETIC PROPERTIES OF SUB-10 NM IRON OXIDE 
NANOCRYSTALS THROUGH THE USE OF A CONTINUOUS GROWTH 
SYNTHESIS 
 
This chapter was previously published as Cooper, S. R., L. Kenyon Plummer, L. 
K.; Alexia G. Cosby, A. G.; Lenox, P.; Jander, A.; Dhagat, P.; and Hutchison, J. E. 
Chem. Mater. 2018, 30, 6053-6062.  
 
Introduction 
The size-dependent magnetic properties of nanocrystals (NCs) such as iron oxide 
have been widely studied and harnessed for use in technologically important 
applications.1–5  Changes in the magnetic properties occur most frequently in samples 
below 20 nm, where superparamagnetic behavior emerges.6 For NC systems in general, 
Auffan et al. stated that NC properties are more likely to deviate from bulk when core 
diameters drop below 15 nm.7 At the smallest sizes, it has been suggested that the 
properties of iron oxide NCs are strongly influenced by variations in the local structure of 
the surface and core in the form of vacancies, structural phase differences, and atomic 
disorder, in addition to effects solely induced by NC diameter.8–10 For example, the 
magnetic properties of iron oxide are influenced by the phase (the spinel phases 
(magnetite and maghemite) and more reduced forms11–14) and surface structure (defects, 
vacancies, and disorder),9,15–20 as well as the size21–24 and shape25–28 of the core. Each of 
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these structural features needs to be individually, and independently, tuned to attain 
optimal performance in applications.  For instance, magnetic hyperthermia treatment 
requires NCs with uniform sizes (narrow dispersity) within the range of 10-20 nm that 
have high saturation magnetization (MS) and high anisotropy.29,30  For ideal T1 MRI 
contrast agents, small NCs (<3 nm) with a large number of unpaired spins and a small 
magnetic moment are needed.23 NCs for water purification must be small to have a large 
increase in surface area to adsorb contaminants as well as having a sufficient magnetic 
moment for separations.9,31 In cases where a high saturation magnetization is required, 
each atomic layer of material added to the NC must contribute as many aligned spins as 
possible.  
The influence of structure on the magnetic properties of iron oxide NCs has been 
investigated in the past but there are wide disparities in the values of saturation 
magnetization (MS) reported for different NCs in the sub-10 nm size range. For example, 
MS values reported for  5 nm spinel iron oxide NCs range from 17 Am2/kg 15 to 82 
Am2/kg32 indicating that diameter is not the only structural feature influencing the values 
of MS for spinel iron oxide NCs.  It has been suggested that ligand shell,16,17 surface 
roughness,18 phase (maghemite, magnetite, and wüstite),24,33,10,34,35 and core structural 
disorder12,33,36–38 can also influence the MS values. The use of different synthetic methods 
to access samples with different core sizes further complicates the interpretation of size-
dependent MS data because different reaction conditions influence the atomic-level core 
and surface structure in addition to core size. 
Most studies conclude that MS values for small NCs are lower than the bulk 
values and decrease with size,15,16,18,21,23,26,34,39–44 although there are some reports that 
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suggest bulk values for NCs as small as 5 nm.17,32,45 The loss of magnetically interacting 
neighboring atoms, often referred to as broken exchange bonds, at the surface of the 
material is widely thought to cause the spins at the surface to misalign with the core and 
no longer contribute to the magnetization of the material.15,46,47  When the NCs are small, 
the large surface-to-volume ratio causes these canted spins to be a larger percentage of 
spins in the NC and therefore reduces the MS.  For example, the first layer of Fe-O-Fe (~ 
0.3 nm thick) of a 10 nm NCs is 17% of the NCs volume, whereas the same shell 
thickness would comprise nearly 40% of the volume in a 4 nm NC.  The reported values 
of the thickness of the magnetically disordered layer vary widely in the literature from 
more than a nanometer thick,15,47 to some reports suggesting no surface layer at all.17 
Taken together, these large disparities in values of MS and differences in the thickness of 
a magnetically disordered layer, for NCs of same size, suggest that the differences may 
be due to differences in core or surface structure induced by different synthetic methods. 
Reaction conditions have been shown to have significant influence over the 
magnetic properties for spinel iron oxide NCs. For example, surfactants and ligands can 
change the ligand shell and therefore the surface structure.16–18 Roca et al. observed MS 
close to bulk values for 6.4 nm diameter NCs with very small canting angles measured by 
Mössbauer, an effect that they attributed to the oleic acid ligand shell.17 However, other 
studies have shown significant decreases in MS values for NCs containing oleic acid 
ligands.10,21,23,41,42 Reaction solvent can also affect the properties of the NCs. For 
example, the formation of a reduced wüstite phase that may occur during high 
temperature syntheses11,42,48,49 can be mitigated by synthesizing37 NCs in dibenzyl ether. 
The use of an oxidizing atmosphere during NC formation can influence the reaction 
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products by producing spinel instead of a reduced phase.33 Syntheses conducted at low 
temperatures, below the thermal decomposition temperature of the precursor, typically 
report the highest values of MS for NCs that show size-dependence below 10 nm 
diameter, suggesting that low-temperature synthetic conditions may lead to high quality 
NCs.16,40 It has been suggested that thermal decomposition reactions produce radical 
species10,49–52 that exhibit less selective reactivity. Despite the numerous reports on the 
magnetic properties of iron oxide NCs, it is difficult to draw conclusions regarding the 
size-dependence because many reports have very few NCs below 10 nm in diameter to 
compare.  
To understand the influence of NC size on magnetic properties, we need access to 
a series of sub-10 nm NCs with incremental sizes.  We reasoned that a lower temperature, 
continuous growth synthesis could provide a more selective reaction pathway to produce 
NCs with sub-nm size increments, employing the same reaction conditions for each size 
in the series. A lower temperature synthesis would reduce or eliminate the production of 
highly reactive intermediates and minimize the risk of introducing strain-producing 
defects. Strain-producing defects include grain boundaries, antiphase boundaries, twin 
planes and stacking faults. Further, the use of a single, defined reaction pathway will be 
more likely to result in controlled and uniform NC growth. Given the strong dependence 
of properties on reaction conditions,17,18,33,37 each NC in the series should be made under 
the same synthetic conditions (additives, solvent, atmosphere and temperature).  
Herein we report the MS and magnetic size of a series of spinel iron oxide NCs 
produced via a continuous growth method that provides access to small (core diameter 
<10 nm) NCs with specifically defined diameters.  A new, lower temperature (230°C) 
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method, involving a selective catalytic esterification mechanism, allowed for continuous 
growth and the production of closely sized increments all synthesized under the same 
reaction conditions.53,54 By simply varying the amount of precursor added, the size can be 
controlled to within a single atomic layer, producing a series of eight distinct size 
populations evenly distributed between 4 and 10 nm in diameter. Structural 
characterization suggests that the NCs possess the spinel structure with high maghemite 
content. The MS values for the members of this series show a clear size-dependent trend.  
Further, the MS values are higher than comparably sized NCs produced by other synthesis 
methods, suggesting that the continuous growth process introduces fewer strain-
producing defects, increasing the effective magnetic size of the NCs.  
 
Results and Discussion 
Synthesis and Characterization of NCs 
To target the NCs needed for this study, we employed a continuous growth 
method that our group has established for the synthesis of metal oxides in which a metal 
oleate precursor is slowly dripped into hot oleyl alcohol.53,54 We observed previously that 
the metal center catalyzes the esterification of the oleate with oleyl alcohol at relatively 
low temperatures developing metal hydroxyl species in situ that then condense to form 
NCs.53 Given the success of this approach for producing single crystal NCs with 
controlled composition and structure with near atomic-layer precision in indium 
oxide,54,55 we anticipated that it would work well to produce the series of iron oxide NCs 
needed for this study. We found that as we added iron oleate precursor slowly to the 
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reaction flask containing hot oleyl alcohol, NCs grow continuously and maintain narrow 
size dispersion. Since the size is varied by the addition of precursor into the reaction 
vessel, the temperature, solvent and ligand shell are constant for all synthesized sizes. 
Addition of precursor also allows for a layer of metal oxide to be added at a time, 
allowing the synthesis of any diameter NC desired.  
Iron oxide NCs were synthesized by adding an iron oleate precursor at a slow 
injection rate (0.17 ml/min) into oleyl alcohol at 230°C under a constant flow (120 
mL/min) of nitrogen. In order to ensure that there was always an excess of oleyl alcohol 
in the flask, more oleyl alcohol was added to the reaction after every 1 mmol of iron 
oleate.  NCs were sampled for analysis at intervals throughout each synthetic trial by 
removing aliquots of the reaction mixture and allowing the samples to cool rapidly to 
room temperature. The sizes of the isolated samples were determined by small angle x-
ray scattering (SAXS), as seen in Figure 5.1. Transmission electron microscopy (TEM) 
was used to determine the morphology of the NCs of a select number of samples (Figure 
5.2A-D). High resolution TEM (HRTEM) was used to determine the crystallinity and 
confirm low defect concentration in the NCs as seen in Figure 5.2E-H. The structure of 
the NCs was analyzed by powder x-ray diffraction (XRD) and Rietveld refinement as 
seen in Figure 5.3A and Figure C.4-C.6. The percentage of the magnetite and maghemite 
phases of the spinel structure in the NCs was determined by near-IR optical absorbance,56 
as seen in Figure 5.3B.  
Over the course of the synthesis, SAXS analysis showed that the NCs grew as 
more iron precursor was added to the reaction (shown in Figure 5.1 and Figures C.1 and 
C.2). The size of the NCs can be tuned from about 4 to 10 nm by varying the amount of 
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precursor added to the reaction. During the addition of precursor, the dispersities 
remained low (below 15%) for all but the smallest sample size (Figure 5.1A and Table 
C.1). The NC core volume (or molecular mass) exhibited linear growth with respect to 
the amount of iron precursor added to the reaction flask (Figure 5.1B), suggesting a living 
growth mechanism.57 Linear growth enables predictable and reproducible NC diameters 
from synthesis to synthesis. Reproducibility was verified by completing three separate 
syntheses which all gave similar NC sizes and dispersities (Figure C.1). Variation in final 
size and growth rate is a result of different number of nuclei being formed during the 
nucleation event (see discussion in Appendix C following Figure C.1). In our synthesis 
size is controlled by the precursor added to the reaction rather than the nucleation event 
alone (as is the case with one-pot heat up methods) enabling isolation of samples from 4-
10 nm from each batch even if nucleation step is different. 
 
Figure 5.1. Size analysis of NCs by SAXS throughout a slow injection reaction showing 
NC diameter (A), and volume and mass of the NC core (B) plotted as a function of 
precursor added to the solution. Linear regression analysis of volume vs. precursor 
resulted in a linear relationship (R2=0.998). In repeated SAXS measurements, the 
standard deviation of the mean size is less than 0.7 Å. 
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Figure 5.2. TEM and HRTEM micrographs demonstrating morphology and crystallinity 
of NCs with sizes (determined by SAXS) of 3.9 +/- 0.6 nm (A, E), 5.1 +/- 0.7 nm (B, F), 
6.6 +/- 0.6 nm (C, G), and 8.0 +/- 0.8 nm (D, H). Scale bars are 50 nm for top row and 3 
nm for bottom row. 
 
TEM images (Figure 5.2A-D) were analyzed to determine the morphology of the 
NCs. Figure 5.2 shows a spherical morphology over this size range for all NCs 
throughout the synthesis. We examined samples across the size range with HRTEM to 
determine the crystallinity of the NCs throughout their growth. The HRTEM images 
show lattice fringes that extend through the entirety of the NC, suggesting NCs are single 
crystal (Figure 5.2E-H). Fast Fourier Transform (FFT) was performed on HRTEM 
images to further confirm that NCs are single crystalline. Indexed FFT patterns are 
included in Figure C.3.  
XRD patterns for three representative NC samples across the synthesized size 
range (Figure 5.3A) were analyzed by Rietveld analysis (Table C.2-C.4 and Figure C.4-
C.6) to determine the phase of the NCs. Figure 5.3A shows the spinel crystal structure of 
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iron oxide is present and are free of peaks associated with the wüstite phase. The Rietveld 
analysis fits and refined parameters are included in the supporting information. 
Spinel iron oxide may contain two phases; maghemite (ɣ-Fe2O3) and magnetite 
(Fe3O4) where the difference in the two phases is the oxidation state of iron in the 
structure.58–60 Magnetite contains both Fe2+ and Fe3+ cations whereas maghemite contains 
only Fe3+ and has some vacancies in sites where Fe2+ occurs in the octahedrally 
coordinated sites of the magnetite phase.59 The maghemite and magnetite phases of the 
spinel iron oxide structure are hard to elucidate with XRD because there are only subtle 
differences between the patterns for the two phases and these become less pronounced 
from the broadening of the peaks in the small NC sizes.10 We employed near-IR optical 
absorbance spectroscopy (Figure 5.3B) to determine the percentage of magnetite and 
maghemite in each NC sample. For samples containing magnetite, there is a strong 
absorbance from 800-2000 nm due to the charge transfer from Fe2+ to Fe3+ that can be 
used to quantify the amount of magnetite in spinel iron oxide NCs.56 Spectra were 
normalized at 400 nm where an isosbestic point for magnetite and maghemite occurs. 
Using a theoretical absorbance cross section for 10 nm magnetite NCs calculated by Tang 
et al.,56 a percentage of magnetite is determined from the ratio of the absorbance at 1450 
nm to that expected of pure magnetite (0.39 units as scaled in Figure 5.3B). The 
percentage of magnetite in the NCs increases from 2% to 26% as the core size increases 
from 3.9 nm to 8 nm (Table S5). 
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Figure 5.3. Structure and phase analysis of NCs throughout a slow injection reaction. 
Powder XRD patterns (A) of several sizes showing a narrowing of peaks as the NCs 
increase in size.  The peaks at 28˚ and 47˚ in the blue pattern (9 nm sample) are due to the 
substrate. A pattern of bulk magnetite (black) and calculated wüstite (red lines) are shown 
at bottom of the stack for reference. Normalized optical absorbance spectra (B) of NC 
solutions were acquired to determine the maghemite/magnetite content. Larger NCs have 
greater absorption centered at 1450 nm demonstrating greater magnetite content. 
 
Magnetic properties 
Access to this unique series of well-defined NCs all produced by the same 
synthesis, affords an opportunity for in-depth investigations regarding the size-
dependence of the magnetic properties. Magnetization curves were acquired at room 
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temperature for eight different samples (Figure C.8) with core sizes ranging from 3.9 to 8 
nm using a vibrating sample magnetometer (VSM). Samples were dispersed in KBr and 
pressed into pellets for analysis. The amount of iron oxide in each pellet was quantified 
using inductively coupled plasma optical emission spectroscopy (ICP-OES). The 
magnetic response of a pure KBr pellet was subtracted from the magnetization curve 
obtained for each pellet. 
MS was determined for each sample by fitting the magnetization curves to the 
Langevin equation (eqn. 1).33,61 
𝑚(𝐵) = 𝑉'()𝑀+ ,𝑐𝑜𝑡ℎ 1
𝑚𝐵
𝑘3𝑇
5 −	
𝑘3𝑇
𝑚𝐵8,															(1) 
In equation 1, m(B) is the moment of the sample measured by VSM at an applied 
field, B; VICP is the total volume of iron oxide in the sample determined from ICP-OES 
measurements; MS is the saturation magnetization of the iron oxide in the sample; and m 
is the moment of a single NC. The measured magnetization curves were normalized to 
the MS values provided by the fit so that the curves could be readily compared to one 
another. The individual magnetization curves and the fits to the Langevin equation can be 
found in Figure C.7. 
The normalized magnetization curves are shown in Figure 5.4.  Each curve passes 
through the origin: there is no remanent magnetization at zero field and no hysteresis for 
any of the samples.  The curves suggest that all the NCs exhibit superparamagnetic 
behavior because they completely demagnetize in the absence of a magnetic field at room 
temperature.  By inspection, it is also clear that the NCs exhibit size-dependent magnetic 
behavior. The smaller NCs have smaller magnetic moments than the larger NCs and 
require greater fields to maintain magnetization against thermally-induced 
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demagnetization. As a result, the magnetic susceptibility (slope of curves through zero 
field) for smaller NCs is lower than for larger NCs.61  
The MS values for the NCs trend with size across the series (Figure 5.5, Table 
C.5), with larger NCs having a larger MS and smaller NCs having a reduced MS as might 
be expected based upon literature reports.21,23,43 The value measured for 8.0 nm NCs was 
78 Am2/kg, decreasing to 55 Am2/kg for NCs with a diameter of 3.9 nm. These values are 
somewhat smaller, but comparable, to the range of values expected for bulk maghemite 
(60-80 Am2/kg).62 
 
Figure 5.4. Normalized magnetization as a function of applied field for the eight distinct 
NC samples between 4-8 nm in diameter. 
 
Figure 5.5 displays the MS values obtained in this study and compares them to 
those from five published studies16,21,45,41,40 that are the most comparable to our series of 
NCs (a more complete collection is included in Figure C.9). As can be seen in the figure, 
our values are amongst the highest reported in the literature for NCs in this size range and 
show size-dependent values across this size series. Each of these studies examines iron 
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oxide NCs with sizes under 10 nm and wherein the size dispersions of each sample are 
below 20% and are reported to be all spinel structure. All but one of the previously 
reported studies (Demortière et al.21) used the same reaction temperature, solvent, and 
ligands to synthesize each size in their size series. The MS values vary by more than 
100% between reports with a 4 nm NC having a reported MS between 37 and 83 Am2/kg 
(from Demortiere et al.21 and Castellanos-Rubio et al.45, respectively). Since the size is 
the same for these materials there must be other variables leading to the differences in 
MS. 
 
Figure 5.5. MS plotted as a function of NC diameter up to 10 nm for this study (black 
circles) and other studies that examined at least three samples under ten nanometers in 
size with narrow size dispersion. Studies compared are from Castellanos-Rubio et al. 
(purple circles), Mohapatra et al.16 (Red squares), Park et al. (green triangles), Dehsari et 
al. (blue diamonds), and Demortière et al.21 (light blue, narrow diamonds). For a 
representative sample the standard deviation in the method for this measurement was 1.2 
Am2/kg—the error bars are much smaller than the size of the marker used in the graph for 
each sample. 
 
The syntheses described above can be grouped into three categories: high 
temperature syntheses in the presence of an oxidizing agent (air or dibenzyl ether), high 
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temperature syntheses in the presence of esterification reagents (oleic acid and amine or 
alcohol) and low temperature syntheses (230˚C and under). The lowest values for size-
dependent MS in Figure 5.5 were synthesized by thermal decomposition of an iron oleate 
precursor in air (Demortère et al.21). Even though these magnetic data were collected at 
5K (which yields higher MS values than those collected at 300K) they were still among 
the lowest values. The next highest MS values shown in the figure are for NCs 
synthesized by a high temperature reaction of an iron precursor in the presence of 
dibenzyl ether and esterification reagents, for example oleic acid, oleylamine and 1,2 
hexadecandiol (Dehsari et al.41). Even higher MS values were obtained for NCs 
synthesized at much lower temperatures: for example at 200°C (Mohapatra et al.16) and 
95°C (Park et al.40). Castellanos-Rubio et al.45 reported near bulk MS values but also 
showed no size dependence, in contrast to 13 other studies (Figure C.9) in the same size 
range. The major difference in their study45 was the use of an Fe0 precursor that often 
produces iron NCs,63,64 but carried out in the presence of dibenzyl ether.  Their results45 
also contrast with Dehsari et al.41 who used dibenzyl ether as a solvent, as well, but with 
an Fe3+ precursor, producing NCs that have values well below the bulk MS values. Our 
own results that show higher MS values compared to most literature examples were 
produced using esterification reactions and lower reaction temperatures.  
The trend in the size-dependent MS values shown in Figure 5.5 suggests that 
differences in reaction conditions might be the cause of the variations in properties of the 
resulting NCs. Given that the NCs represented here have comparable sizes, similarly 
narrow size distributions, and uniform morphologies, the differences in magnetic 
properties are likely the result of different amounts of strain-producing defects in the NC 
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cores. Strain-producing defects within the NC structure are known to decrease the 
effective MS,12,33,37,65,66 and each of the three categories of synthetic conditions discussed 
above are expected to influence the number of strain-producing defects in the cores of the 
NCs to different degrees. Synthesizing NCs in the presence of oxygen33 or dibenzyl 
ether37 prevents the formation of reduced iron oxide that result in strain-producing defects 
even after oxidation to the spinel structure.12 The use of starting materials that can 
potentially undergo esterification and amidification53,67–70 can facilitate metal oxide 
formation through defined reaction pathways that prevent the formation of highly 
reactive species generated in radical reactions (i.e. thermal decomposition) thereby, 
reducing the number of strain-producing defects. The reactions carried out at lower 
temperatures, which showed the best magnetic properties in prior studies,16,40 may 
produce the fewest strain-producing defects because the approach avoids the highly 
reactive intermediates and reduced forms of iron oxide produced during thermal 
decomposition.  
Our synthesis likely results in reduced numbers of strain-producing defects 
because it employs a defined esterification mechanism and is performed at a lower 
temperature. Furthermore, it involves slow injection of precursor that likely slows NC 
growth rate compared to the rapid growth found in methods where all precursor is added 
at once. Rapid growth may trap strain-producing defects within the crystal while 
relatively slow growth during slow injection may limit the number of strain-producing 
defects.  
The larger values of MS found in our NCs prompted us to further analyze the 
volume of each NC that contributes to the magnetization by determining the effective 
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magnetic size for the NCs in each sample. The magnetic size can by derived from the 
Langevin equation and is the portion of the core material within the NC that has an MS of 
the bulk material.26,30,54,55,61  To obtain the magnetic size, we set 𝑚 = 𝑀; ∗ =>𝐷(
@ in 
Equation 1 where MD is the saturation magnetization of bulk maghemite (76 Am2/kg or 
372 kA/m) and the term A
B
𝐷C@ is the volume of the magnetically active core where Dc is 
the diameter. We chose to use the bulk saturation magnetization value of maghemite 
because our NIR studies showed that the NCs are primarily maghemite.  We assumed a 
lognormal distribution of magnetic diameter.61  Figure C.10 illustrates the trend obtained 
if we calculate an MD based upon the percentage of each phase measured by near-IR for 
each NC size. Additional details are provided in the Materials and Methods section.   
The magnetic sizes determined by fitting are compared to the physical size 
measured by SAXS analysis in Figure 5.6. The magnetic sizes are nearly identical to the 
physical sizes, which implies that nearly all of the core material contributes fully to the 
magnetic properties of the NC, leading to the higher values of MS compared to the 
literature examples. If we assume that most of the inactive material resides at the 
surface,46 our results suggest that there is only a very thin non-magnetic shell.  Across the 
series, there are no significant differences in the thickness of the shell. The slight trend 
toward larger magnetic sizes at larger physical sizes may be due to small increases in 
magnetite content at the larger sizes. 
The larger magnetically active volume in our NCs suggests that these NCs 
possess a very thin non-magnetic surface layer and have few strain-producing defects. 
Our evaluation suggests that the disordered layer is less than 0.2 nm thick which would 
restrict the magnetic disorder to the iron atoms at the surface of the particle. Reductions 
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in MS from bulk values reported within the NC literature are typically attributed to a 
magnetically disordered surface layer, and the reported magnetically disordered shell 
thicknesses is between 0.35-1.0 nm thick.15,18,21,47,71 The fact that the magnetic size is 
nearly the physical size within our series suggests that these larger thicknesses may be 
due to strain-producing defects within the NCs as opposed to larger disordered surface 
layers.   A close examination of our NCs by HRTEM shows single crystal spherical NCs 
with few NCs exhibiting strain-producing defects. Thus, it seems likely that the increased 
MS values are the result of the fewer strain-producing defects introduced because of the 
condensation-based reaction mechanism, slower growth rate and lower temperature 
offered by the slow injection synthesis.  
 
Figure 5.6. The effective magnetic size from Langevin function fit plotted as a function 
of physical size determined by SAXS where the gray dashed line is y=x. 
 
Comparison of our synthetic method to alternatives reported in the literature 
offers new insight into how to design syntheses that will produce NCs that are defect free 
for the study of properties and structure in NCs less than 10 nm in diameter. The 
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attributes of our synthesis ensure the size and size induced structure are what is being 
studied, not artifacts introduced as a result of variations in synthetic methods.  Lower-
temperature and slow growth through a single defined growth mechanism, are likely 
responsible for the high degree of crystallinity and enhanced magnetic properties of these 
NCs. Such a mechanism contrasts with thermal decomposition methods that produce NCs 
that are known to produce a number of byproducts.49–52 Thermal decomposition reactions 
produce a variety of organic radicals that have a multitude of competing and accessible 
reaction pathways resulting in a large number of different products including H2, CO, 
CO2, alkenes, ketones, and esters.49,50,72 It might be expected that there would be an 
increased incidence of strain-producing defects in NCs produced by lower selectivity 
shown in thermal decomposition pathways. In fact, the other size series in this size range 
that have MS values approaching ours and size dependence produced NCs at low 
temperatures16,40 where radical mechanisms are not likely involved. Based upon these 
findings taken together, it seems that a reasonable strategy to produce defect-free NCs is 
to identify and use synthetic methods that avoid radicals or other highly reactive species, 
have slower growth rates and keep a low temperature.  In this way, it may be possible to 
more effectively tune and tailor the properties of nanomaterials.   
 
Conclusions 
A series of sub-10 nm spinel iron oxide NCs, produced using a continuous growth 
method, were used to study fundamental questions relating nanoscale structure to size-
dependent magnetic properties.  This series of NCs is ideal for these studies because size 
is the only physical characteristic that varies during this continuous growth synthesis. The 
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NCs show a decrease in MS with a decrease in the diameter of the NCs as has been shown 
in other studies; however, these NCs have higher MS values than NCs produced in the 
same size range by other methods. The magnetic size was approximately the same size as 
measured by SAXS and TEM indicating a much thinner magnetically dead layer than 
was previously thought to be present on NCs. This analysis changes our understanding of 
the nanoscale structure and properties of spinel iron oxide NCs by demonstrating that the 
magnetically dead layer can, in fact, be much thinner than previously reported and 
maintain size-dependent magnetic properties across the range. We believe that the high 
crystallinity, and thus enhanced magnetism, of the NCs measured in this study is due to 
the attributes of the slow injection synthesis (condensation reaction pathway, slow 
growth, and relatively low synthesis temperature). Our results further imply that 
relatively low temperature syntheses may be a strategy to avoid strain-producing defects.  
Magnetic and adsorptive properties of small iron oxide NCs have long been of 
interest to environmental, health, and physics communities, but synthetic approaches to 
adequately study structure-property relationships have not existed. This slow injection 
synthesis method is a facile way to produce high quality NCs that can be used by physics, 
biology, and environmental science fields in order to probe and exploit promising size-
dependent properties. For instance, Mössbauer studies using these high quality NCs could 
be done to examine the origins of these size-dependent magnetic properties. We expect 
that continuous NC growth will be a useful, transferable strategy to produce other NCs to 
examine the influence of size on the properties of those materials.  
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Materials and Methods 
Materials 
Iron (II) acetate (99.99%), technical grade oleic acid (90%) from Sigma Aldrich 
was used to make the iron oleate precursor. Magnetite powder from Aldrich (99.99% 
trace metals basis) used for bulk magnetite XRD trace. Technical grade oleyl alcohol 
(85%) from Alfa Aesar was used as the solvent in the synthesis of spinel iron oxide NCs.  
Synthesis 
To make the precursor, 6 mmol of iron (II) acetate (1.04 g) is stirred in a 20 mL 
vial with a septum with 12 ml of oleic acid under a flow of N2 heated in an oil bath to 
150°C for 1 hour. The oleyl alcohol (12.5 mL) is heated in a 100 mL three neck flask to 
230°C under a flow of N2 of 120 mL/min.  The three-neck flask has three septa: one that 
delivers N2 through a needle, one holds a larger gauge needle to allow water to escape 
and the third holds a thermocouple that is connected to a heating controller with a heating 
mantle. The liquid is magnetically stirred vigorously with a stir bar. One mmol of the 
precursor is added to the oleyl alcohol at an addition rate of 10 mL/hr with the use of a 
syringe pump and a 10 mL luer lock plastic syringe with a stainless steel 20-gauge 
needle. After addition of 2 ml of precursor, 3 ml of oleyl alcohol is added to the reaction. 
This process is repeated until 6 mmol of iron oleate is added to the reaction. The oleyl 
alcohol and NC solution is heated at 230°C for an additional 20 minutes after all 
precursor is added. The reaction is cooled under a flow of N2 and then was put into a 50 
mL centrifuge tube and washed with ethanol in order to precipitate the NCs. The samples 
are washed with acetone and centrifuged at 7000 rpm for 20 min. The NCs are then 
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dispersed in toluene and centrifuged once at 3500 rpm for 5 min to remove any remaining 
insoluble material.   
To study the growth of the NCs, a 1 mL gas tight syringe with a 20-gauge 
stainless steel needle was used to remove 0.3 mL of reaction solution at various points in 
the addition. The sample was then put into a 15 mL centrifuge tube and allowed to cool to 
room temperature. These samples were also washed in the same way by centrifugation in 
acetone and were dispersed finally in toluene and centrifuged. 
Physical Characterization 
Transmission electron microscopy images were taken with an FEI Tecnai G2 
Spirit microscope. 400 mesh copper TEM grids (Ted Pella) were prepared by dip-coating 
in dilute solutions of NCs. High resolution TEM was acquired with FEI’s Titan 80-300 
kV microscope. Diameter was determined from particle area in TEM images using FIJI73 
software to corroborate the NC size with SAXS.  
Small angle x-ray scattering patterns (SAXS) were acquired using the SAXSess 
mc2 from Anton Paar with work up of SAXS data by Irena software package to determine 
NC core size, dispersity and volume fraction.74 Modeling was done using a Gaussian 
distribution with a spherical form factor and a dilute system structure factor. For samples 
that were magnetically characterized, a lognormal distribution was used in modeling so 
that the physical and magnetic sizes could be compared directly. A background was 
refined in order to account for fluorescence of iron. X-ray diffraction patterns were 
procured with a Rigaku SmartLab diffractometer using Cu Ka radiation and a diffracted 
beam monochromator to eliminate background iron fluorescence. Near-IR measurements 
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were performed on dilute (~1 mg/mL) dispersions of NCs in toluene in 3 mm path length 
quartz cuvette using PerkinElmer Lambda-1050 UV/Vis/NIR spectrophotometer. 
Magnetic Characterization 
The magnetic properties of the NCs were measured by room temperature 
vibrating sample magnetometry (VSM) using the Physical Property Measurement System 
by Quantum Design, Inc. The magnetic moment was calibrated using a 1 mm diameter 
Yttrium Iron Garnet Sphere with a mass of 0.0028 mg and a certified magnetization of 
27.6 Am2/kg at 0.5 T magnetic field (standard reference material 2853 from National 
Institute of Standards and Technology). Solid pellets consisting of the NCs in KBr, a non-
magnetic binder, were prepared for the measurements as follows: The NC dispersion (in 
toluene) was sonicated for 5 minutes and pipetted into a measured quantity of KBr 
powder. The fluid and KBr binder were mixed by mortar and pestle for 30 minutes in 
atmosphere while the toluene solvent was allowed to evaporate. The dry powder mixture 
was then pressed into pellets. The resulting pellets had a concentration of magnetic NCs 
of about 0.3% by volume. The actual amounts of iron oxide in pellets were determined 
after magnetic measurements by ICP-OES.  
For iron quantification using ICP-OES, KBr pellets containing magnetically 
characterized NCs were dissolved in 2 mL concentrated HNO3 (JTBaker Ultrex ® II 
ultrapure reagent) over a 48-hour period. Samples were diluted to 2% HNO3 with 
nanopure water for analysis. For the calibration curve, ten iron solutions between 100 
ppm and 0.01 ppm were prepared from a 1000 ppm Fe standard (ICCA) in 2% HNO3 
matrix. ICP-OES measurements were acquired using a Thermo Scientific X-Series II 
CCT. 
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To fit the VSM measurements, the magnetic diameters in the sample were 
assumed to have a lognormal distribution with a probability density function, 
𝑃(𝐷() =
E
;F
E
G√IA
𝑒𝑥𝑝 M(NO;FPQ)
R
IGR
S (2) 
having parameters 𝜇 and 𝜎. Equations (1) (i.e. the Langevin equation) and (2) were fit by 
nonlinear regression to the VSM data, with the free parameters MS,  𝜇, and 𝜎 determined 
independently for each pellet sample.  The effective magnetic size of the NC, or the mean 
magnetic core diameter,〈𝐷(〉, is determined from the parameters of the lognormal 
distribution according to 〈𝐷(〉 = exp	(𝜇 +
GR
I
).  
Bridge to Chapter VI 
Here in Chapter V, a study of size-dependent magnetic properties of spinel 
structure iron oxide nanoparticles was examined. While the spinel phases (possessing a 
ccp oxide lattice) of iron oxide are ideal for some applications due to their 
superparamagnetic behavior, hexagonal ferrites that instead possess an hcp oxide lattice 
are better suited for other types of applications. Specifically, the high permeability of 
hexagonal ferrites makes them of interest for device components operating at high 
frequencies. However, attempts to synthesize hexagonal ferrites with the slow addition 
method were unsuccessful because it always yielded the spinel structure. As a result, we 
resorted to top-down methods to synthesize hexagonal ferrite nanoparticles for a 
collaborative study. In this study, we formulated UV-curable inks containing high 
permeability and high permittivity nanoparticles for the purpose of 3D printing 
nanocomposites.  
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CHAPTER VI 
DESIGN AND DIGITAL FABRICATION OF MAGNETO-DIELECTRIC 
COMPOSITES FOR ADDITIVE MANUFACTURING OF GRADIENT INDEX RF 
LENSES 
 
This chapter was published as Masood, K.; Zaikova, T.; Plummer, K.; Allen, T.; 
Stasiak, J.; Harmon, P.; Hutchison, J.; Jander, A.; Dhagat, P. Design and Digital 
Fabrication of Magneto-Dielectric Composites for Additive Manufacturing of Gradient 
Index RF Lenses. In NIP & Digital Fabrication Conference; San Francisco, CA, 2019; 
Vol. 1, pp 94–99.  
 
Introduction 
The future radio wave landscape looks crowded, with personal communications 
(cell phones, Wi-Fi, Bluetooth), autonomous vehicles (radar, vehicle-to-vehicle and 
vehicle-to-road communications), and wireless internet-connected devices (the so called 
“internet of things”) competing for limited radio frequency (RF) spectrum. To conserve 
the RF spectral resources, as well as the power in mobile devices, each device may 
require a custom designed antenna beam pattern. This presents an opportunity for digital 
manufacturing of application-specific gradient index RF lenses to shape and direct the 
antenna beam. 
In this paper, the materials, processing, and characterization techniques required 
to produce functional gradient index (GRIN) RF lenses using digital and additive 
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manufacturing methods are discussed. The design of the lenses is based on 
transformation optics (TO) approaches,1,2 in which the shape of the input beam and the 
desired shape of the output beam are used to algorithmically determine the required 
spatial distribution of refractive index, 𝑛(𝑥, 𝑦, 𝑧), for the gradient index lens.3,4 Existing 
literature considers varying only the dielectric permittivity, 𝜀, of the lens material. 
However, additionally varying the magnetic permeability, 𝜇, of the lens material would 
allow independent control of the wave impedance, 𝑍 = aQb  , as well as the refractive 
index 𝑛 ≈ √𝜇𝜀 , enabling impedance matching and reduction of unwanted reflections. 
An example of a gradient index lens designed by TO methods is shown in Figure 
6.1. The electromagnetic wave simulation shows the otherwise hemispherical radiation 
from a patch antenna being collimated into a beam by use of a graded refractive index 
cylindrical lens. In this design, the relative permittivity and permeability were 
constrained to a conservative range of 1 to 5 and 1 to 2.5 respectively. In contrast to an 
equivalent lens with gradients in permittivity only (requiring values up to 7.5) this lens 
has lower reflection losses at the lens surface. Additive manufacturing of such a lens will 
require voxel-by-voxel control of the permittivity and permeability of the material being 
incorporated into the structure. 
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Figure 6.1.Electromagnetic wave simulation of a gradient index RF lens designed by 
transformation optics under the constraint 𝜀 < 5𝜀f and 𝜇 < 2.5𝜇f. The initially radially 
diverging beam from the antenna (see below the lens). The lens is 25 cm in diameter and 
6.25 cm in thickness. 
 
Ultimately, the focusing ability and size reduction of the lens antenna are limited 
by the range of refractive index (contrast ratio) that can be achieved in the additive 
manufacturing process. A larger ratio of maximum to minimum refractive index enables 
more compact lens designs and higher antenna gain to be achieved. Thus, a key goal of 
our work is not only to fabricate objects with predetermined refractive index gradients, 
but also to maximize the possible contrast ratio. 
Additive Manufacturing Methods 
To ultimately realize small, high gain lenses, the focus of this project has been to 
develop materials and additive manufacturing processes to incorporate well-controlled 
fractions of high permittivity and high-permeability nanoparticles into 3D printed objects. 
We develop two unique additive manufacturing methods for variable 
permeability/permittivity functional materials: 
1. Polymer particle bed infiltration and fusing, in which solutions carrying 
functional dielectric or magnetic nanoparticles are infiltrated into a polymer powder bed 
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using inkjet printing. Each layer of powder is fused by heating above the melting 
temperature of the polymer. The object permeability and permittivity are determined by 
digitally controlling the amount of solution that is infused in each printed voxel. 
2. Inkjet printing of a polymerizable nanocomposite ink, in which suspensions of 
dielectric or magnetic nanoparticles in a UV-polymerizable matrix solution are printed 
one layer at a time followed by curing with UV light. The object permeability and 
permittivity are determined by digitally controlling the ratio of three different “colors” of 
ink that are jetted into each voxel, i.e. inks containing dielectric nanoparticles, magnetic 
nanoparticles, or polymer matrix only. 
Polymer particle bed infiltration and fusing  
In this technique digital inkjet printing and powder bed fusion processing are 
integrated to produce functional polymer nanocomposites with predictable and 
reproducible dielectric properties. Dielectric polymer nanocomposites are fabricated 
using commercial grade polyamide 12 (PA12) powder (HP 3D High Reusability PA 12).5 
An ink containing a stabilized dispersion of barium titanate (BaTiO3) nanoparticles was 
formulated and dispensed into the PA12 powder using a thermal inkjet materials printer. 
The nanoparticles were synthesized using the mixed-oxide solid-state reaction method.6 
X-ray diffraction measurements confirmed that the nanoparticles had a composition of 
Ba1Ti1.1O4 i.e., near the correct stoichiometry though slightly rich in Ti. 
Functionalization of the nanoparticles using ligand-attachment chemistry is used 
to reduce aggregation of the nanoparticles in the ink solvent.7 The functionalization 
process also serves to increase the molecular-scale attachment rates and retention 
efficiency between the infiltrating nanoparticles and the surfaces of the wetted PA12 
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particles, resulting in a more homogeneous distribution of nanoparticles within the 
powder layer.8,9 
The fabrication system is illustrated in Figure 6.2. In this study, the volume 
fraction of BaTiO3 nanoparticles that infiltrated the PA12 powder was controlled using an 
automated printing program. Following the inkjet printing step, the powder sample was 
heated above the PA12 melting temperature (~188.5 °C) using radiant heating and then 
allowed to cool to room temperature. A layer-by-layer approach was used, in which 
successively a fresh layer of powder (~100 microns thick) was applied, mechanically 
smoothed, and packed on top of the previously fused layer and then infused with the 
BaTiO3 ink. This process was repeated until a ~2 mm thick sample was produced. Using 
multiple passes to fill the interstitial spaces of the loosely packed powder, a volumetric 
loading of up to 45% BaTiO3 could be achieved. After fusing, 1 cm diameter Au 
electrodes were deposited onto both sides of each sample to facilitate electrical 
characterization. 
Cross-sections through four polymer nanocomposite samples prepared by the 
powder bed fusion technique are shown in Figure 6.3. Each photograph represents a 
different volume fraction of BaTiO3 nanoparticles. In the photographs, clusters of ~100 
nm aggregates mixed into the polymer are visible. Although the sample cross sections are 
still being analyzed, it is likely that clusters are formed by aggregated groups of 
nanoparticles dispersed into the PA12 polymer host. 
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Figure 6.2. Schematic illustration of the printing system used to fabricate the dielectric 
polymer nanocomposite samples. The system includes an experimental printer developed 
by HP. A photograph of the system is shown in the inset. 
 
 
Figure 6.3. Micrographs of cross-sections through the dielectric samples at four different 
BaTiO3 volume fractions in the PA12 matrix. (a) no fillers, (b) 11%, (c) 24%, and (d) 
45%. 
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Inkjet printing of polymerizable nanocomposite ink 
In the second approach, samples were prepared by piezoelectric inkjet printing of 
dielectric (BaTiO3) or magnetic (barium hexaferrite) nanoparticles suspended in a UV-
cured diethylene glycol diacrylate (DEGDA) matrix.10 Commercially available 
nanoparticles were used in the case of BaTiO3 (99.95% purity, 50 nm and 100 nm 
diameters, Inframat Advanced Materials). Barium hexaferrite nanoparticles were 
synthesized following Temuujin et al.11 with modifications to target the Co2Z phase 
(Ba3Co2Fe24O41), which has the desirable property of high permeability at high 
frequencies. Briefly, powders of BaCO3 (1 μm powder, Alfa Aesar, Cat # 14341), 
Co3O4 (50 nm–80 nm powder, Alfa Aesar, Cat # 44661), and a-Fe2O3 (30 nm–50 nm 
powder, Alfa Aesar, Cat # 47044) in the molar ratio 3:2/3:12, respectively, were ball 
milled at 300 rpm for 20 h in ethanol. The resulting powder was annealed for 4 h at 1230 
°C in air and subsequently ball milled for 7 h at 500 rpm. The final material is partially 
Co2Z phase as confirmed by x-ray diffraction. The data are shown in Figure 6.4, in 
comparison to published results by Tachibana et al.12 
 
Figure 6.4. X-ray diffraction pattern of the synthesized barium hexaferrite nanoparticles 
(black) with z-phase peak intensities for reference (red). 
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The inks were prepared by first functionalizing the nanoparticles with acrylic 
acid. Acrylic acid can effectively integrate the nanoparticles into the matrix material 
since it can polymerize with the DEGDA and also has a carboxylic acid group capable of 
binding to the nanoparticle surface. To functionalize, the nanoparticles (1 g) were milled 
with zirconia balls (~70 g) in a planetary ball-mill (Retsch PM100) for 1 h at 500 rpm 
with acrylic acid (0.5 mL) and ethanol (15 mL). Thereafter, the mixture was purified by 
repeated rinsing in ethanol, centrifugation and decanting. Finally, a known volume of 
ethanol (about 5 mL for every 1 g of nanoparticles) was added to the solid immediately 
after decanting and sonicated for 1 h. The amount of DEGDA required to achieve the 
desired nanoparticle concentration was added to the dispersion, and the ethanol was 
evaporated using a rotary evaporator. The final dispersion of nanoparticles in DEGDA 
was sonicated daily until casting samples or 3D printing. Immediately prior to use, an 
initiator (Irgacure 184) was added at 3 wt% (relative to monomer) to the dispersion, 
which was then sonicated for about 30 minutes. 
3D printing was carried out with a Dimatix Materials Printer DMP-2850. 
Nanoparticle-DEGDA dispersions were loaded into the Dimatix Materials Cartridge 
consisting of 16 square piezoelectric nozzles spaced 254 μm apart. The nozzles have an 
effective diameter of 21 μm with drop volumes of about 10 pL. A small spot size UV 
LED light (365 nm wavelength) attached to the printer head was used for curing by 
passing over the printed area in a raster pattern. Inks were printed at room temperature in 
a nitrogen environment onto a piranha-cleaned glass substrate in the pattern of a 3 cm 
square via a sequence of depositing the ink and curing with UV light. Specifically, two 
layers of ink were deposited followed by two passes with UV light. This cycle was 
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repeated in order to build up a thicker sample. Each cycle increased the thickness of the 
sample by approximately 20 μm. 
Inks with high concentration of nanoparticles tend to quickly clog the inkjet print 
head. Therefore, the key to achieving a high volumetric fraction of nanoparticles in the 
final object, while still allowing inkjet printing, is to dilute the ink with a solvent 
(dimethylformamide) that evaporates prior to initiating the polymerization of the 
DEGDA. Using this approach, a volume fraction as high as 50 % in the printed and cured 
samples was achieved. 
Since the printing process with the experimental inkjet printer is quite slow, 
additional samples were prepared by casting. Two glass slide coverslips were separated 
using small strips of double-sided tape.13 About 150 μL to 250 μL of nanoparticle-
DEGDA dispersion was placed on a coverslip between two narrow strips of double-sided 
tape and the second slide was placed on top (Figure 6.5A). The thickness of the sample 
could be increased by having multiple layers of tape. This assembly was placed under 
UV light for about 5 minutes, flipped over, and exposed for another 5 minutes to cure. 
The cured samples could be removed from the glass slides using a razor blade. 
Photographs of both cast and printed samples are shown in Figure 6.5. SEM images of 
the surface of inkjet printed samples are shown in Figure 6.6. 
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Figure 6.5. Example images of cast and printed composite samples. Composite sample is 
shown in the slide assembly used to cast samples (A). Composite sample is shown on 
glass substrate after 3D printing (B). 
 
 
Figure 6.6. SEM images of surfaces of 3D printed composites prepared from 50 nm 
BaTiO3 nanoparticles at weight fractions of 10 % (A) and 20 % (B). 
 
Results 
The polymer nanocomposite samples were characterized using impedance 
spectroscopy techniques14 to determine the complex permittivity 𝜀 = 𝜀i − 𝑖𝜀′′ as 
functions of the BaTiO3 nanoparticle volume fraction. The permittivity is determined 
from capacitance measurements at frequencies between 100 Hz and 1 GHz. All 
measurements were made at room temperature.  
For the fused powder bed polymer nanocomposites, the dielectric constant 𝜀i and 
the dissipation factor 𝜀′′ as a function of frequency for different volume fraction of 
BaTiO3 are plotted in Figure 6.7. A general feature is the systematic decrease of both the 
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dielectric constants and dissipation factors with increasing frequencies with the slopes 
becoming steeper with increasing volume fractions. This frequency dependence of both 
the real e¢ and imaginary 𝜀′′ relative permittivity is consistent with the predictions of the 
Maxwell-Wagner-Sillars (MWS) theory15,16 describing the dielectric properties of two-
phase inhomogeneous media including contributions from the dielectric relaxation of the 
composite medium, the shapes, sizes, and orientations of the filler particles, and 
polarization effects at microscopic and macroscopic interfaces. 
 
Figure 6.7. Frequency dependent dielectric properties of samples manufactured by 
polymer bed infusion, parametric in the BaTiO3 volume fraction. (a) the dielectric 
constant 𝜀′ and (b) the dissipation factor 𝜀′′. 
 
The measured dependence of the dielectric constant on the nanoparticle volume 
fraction is shown in Figure 6.8. The data are fit using a power-law effective medium 
“mixing equation” that has been used to model the properties of a wide range of 
nanocomposite materials17: 
𝜀lmm
E/o = 𝑓𝜀q
E/o + (1 − 𝑓)𝜀l
E/o    (1) 
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in which f is the volume fraction, 𝜀lmm, 𝜀q, and 𝜀l are the effective dielectric constant of 
the composite, the dielectric constant of the filler, and the dielectric constant medium 
respectively, and the exponent 𝛽 can be any integer between 1 and 3. Assuming the 
dielectric constants for the polymer matrix and the BaTiO3 nanoparticles to be 3.6 and 
500 respectively, there is a good fit of the data (R2 = 0.98) when 𝛽 = 3.02. With 𝛽 = 3, 
the power-law equation corresponds to the well-known Landau-Lifschitz-Looyenga 
mixing rule.18 
The goodness of the fit of the data in Figure 6.8 with an established mixing 
equation suggests that the physical picture of a polymer matrix homogeneously filled 
with nanoparticles is reasonable and that the procedure used to fabricate polymer 
nanocomposites with tailored physical properties is promising. Similar mixing rules 
apply to magnetic composites19,20 and consequently, it is assumed that this fabrication 
process can be used to produce magnetodielectric materials with digitally tailored 
properties. 
For the polymer nanocomposite samples prepared by the second technique of 
printing and UV-curing the ink, representative frequency dependent permittivity is 
plotted as a function of frequency up to 1 GHz and BaTiO3 fraction in Figure 6.9. The 
permittivity, similar to the observation with powder bed samples, decreases with 
increasing frequency. The relationship between permittivity at 100 MHz and BaTiO3 
fraction for both printed and cast samples is shown in Figure 6.10. At this frequency, a 
contrast ratio of about 2 (7:3.5) is achieved. 
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Figure 6.8. The effective dielectric constant of a BaTiO3 polymer nanocomposite sample 
at 1 kHz versus nanoparticle volume fraction. The data points represent the average of at 
least 5 measurements and the error bars are ± 1s. The solid line is a curve fit using the 
Looyenga power-law mixing equation. 
 
 
Figure 6.9. Dielectric permittivity versus frequency of samples with different BaTiO3 
nanoparticles loading (in volume fraction) in DEGDA. The 2 % and 4.4 % samples were 
inkjet printed and the remaining were prepared by casting. 
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Figure 6.10. Dielectric permittivity at 100 MHz versus BaTiO3 nanoparticle loading (in 
volume fraction) in DEGDA matrix for composite samples prepared by casting and inkjet 
printing. 
 
The casting method was also used to prepare a sample containing 50 % volume 
fraction of barium hexaferrite nanoparticles in DEGDA. The magnetic permeability of 
this sample as a function of frequency is shown in Figure 6.11. The DEGDA matrix is 
nonmagnetic (permeability = 1). Thus, the achievable contrast ratio for the magnetic 
permeability is 1.5 at 100 Hz. This contrast ratio decreases with increasing frequency. 
 
Figure 6.11. Magnetic permeability versus frequency for a cast sample containing 
barium hexaferrite nanoparticles in DEGDA with 50 % volume fraction. 
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Conclusion 
The results from this study demonstrate the possibility of designing and 
fabricating functional magneto-dielectric composites and 3D devices using digital inkjet 
printing methods. Two approaches—using particle bed infiltration and fusing and 
printing polymerizable nanocomposite inks—were explored. The measured dielectric 
permittivity of the samples was found to be in qualitative agreement between the two 
techniques. The permittivity increased with higher nanoparticle volume fraction and 
decreased with increasing frequency. The good agreement of measured values for the 
fused samples with the established theory for two-phase composites suggests that it will 
be feasible to design devices with predetermined electromagnetic properties and hence, 
performance. Spatial control of permittivity and permeability, enabled by these 
techniques, will permit TO-designed, application-specific gradient index devices to be 
rapidly prototyped and fabricated for radar and communication technologies. However, 
despite the promise, significant challenges must be addressed. In particular, achieving 
high contrast ratio in permittivity and permeability at radio frequencies will be critical. 
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CHAPTER VII 
CONCLUSION 
Concluding Remarks 
In this body of work, the growth and properties of metal oxide nanoparticles were 
explored. Considering nanoparticle synthesis as an inorganic polymerization process can 
be an enlightening way to classify synthesis methods and consider future strategies 
towards the control of nanoparticle core structure. Indium oxide and iron oxide 
nanoparticle growth was examined in depth leveraging the unique attributes of the slow 
addition method developed in the Hutchison lab. In the case of indium oxide growth, it 
was found that high monomer flux can affect the degree of branching. Higher 
temperatures deadened the effect of monomer flux, which we believe is due to the 
increased surface mobility of monomer species. Twin defect formation in iron oxide 
nanoparticles was sensitive to the ligation and oxidation state of the iron precursor used, 
which we believe is related to the redox behavior of the iron precursor. Taking advantage 
of the well-behaved growth of iron oxide nanoparticles with an Fe (II) rich precursor, we 
carried out a study of size-dependent magnetism in small, spinel iron oxide. It was found 
that a very thin (~0.2 nm) nonmagnetic surface lead to diminished magnetism as 
nanoparticle size decreased. However, compared to other similar sized nanoparticles, the 
slow addition method yielded nanoparticles with high saturation magnetizations. Finally, 
surface functionalization of BaTiO3 and hexaferrite nanoparticles was carried-out to 
create UV-polymerizable nanocomposite inks for the purpose of tuning permeability and 
permittivity.  
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Implications 
The main implication from this research is that growth processes dictate 
nanoparticle core structures. This is important, of course, because the core structure will 
dictate properties. Chapter III on indium oxide growth demonstrated the sensitivities of 
nanoparticle growth to synthesis temperature and monomer flux. The studies on iron 
oxide nanoparticles demonstrated the sensitivity of nanoparticle core structure on the 
precursor used. The ligation and oxidation state of the iron oleate precursor had profound 
effects on nanoparticle morphology and crystallinity even though all other growth 
conditions were identical. Every aspect of the nanoparticle synthesis has an influence on 
these growth processes. 
The sensitivity we observed might make one question proclamations of size-
dependent nanoscale structure in nanoparticles. Confining a crystal to small size can lead 
to difference from the bulk crystal structure,1 clusters have preferred size-dependent 
structures based upon what is most stable,2 and computation studies can tell us the most 
likely atomic arrangement of a material based on its nanoscale size and energy 
minimization.3,4 However, nanoparticle syntheses do not often yield the energy-
minimized structure. Though not common, we are not the only ones to recognize that 
nuances of growth such as monomer flux can affect the nanoparticle structure. A study by 
Weller et al. (discussed in more detail in Chapter III) found that fast growth in 
semiconductors lead to atomic disorder near the nanocrystal surfaces.5 More utility 
towards property control and prediction may come from studying synthesis dependent 
structure of nanoparticles. 
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Future directions 
Future work utilizing the slow addition synthesis could go in any number of 
directions. More complex nanostructures could be synthesized at low temperatures 
(< 230 °C) to created branched particles and/or introducing a second metal oxide. 
Nanoparticles could be directly synthesized with desired ligand functionalities. For 
example, preparing the precursor with a PEG molecule with a terminal carboxylic acid to 
create in the end water soluble metal oxides. Reaction parameters could be tuned to try 
and achieve hematite and hexaferrites (as discussed in Chapter IV). To branch out, the 
slow addition approach could be applied to other nanoparticle synthesis chemistries such 
as coprecipitation. However, more impactful work would leverage the ability to use the 
slow addition method as a tool. 
Recently, classical nucleation theory has come under scrutiny questioning the 
concept of a sudden, rapid nucleation event.6 The reaction chemistry utilized in this 
dissertation for metal oxide nanoparticle formations is not in line with the assumptions of 
classical nucleation theory. The classical nucleation theory put forth by LaMer and 
coworkers was on the formation of sulfur sols. It describes a precipitation event as a 
result of saturating the solution with soluble sulfur species. In metal oxide syntheses 
discussed in this dissertation, particle formation does not come from precipitation but 
from radical reactions or condensation reactions. Monomer species are highly reactive so 
it’s difficult to imagine achieving high concentrations of before particle formation occurs. 
It is more likely that particle formation begins to occur at the same time or shortly after 
monomer formation. This concept is supported by recent research where an iron oxide 
nanoparticle synthesis was monitored with MALDI-TOF MS (matrix assisted laser 
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desorption ionization-time of flight mass spectrometry).  The authors observed a 
continuous increase in mass from the metal precursor—no evidence of a burst nucleation 
to yield some critical size.7 To build a more accurate understanding of nanoparticle 
formation, we need to be able to study it.  
With the growth curves we can generate, the slow addition approach enables us to 
estimate the number of nanoparticles growing during synthesis. Trends between the 
number of nanoparticles formed and various synthetic variables can be assessed. Further 
insights may be gained into the molecular mechanisms influencing the number of 
nanoparticles forming because the reaction chemistry is well-defined. NMR, FTIR, and 
potentially MALDI-TOF MS can be used to monitor the amounts of precursor, ester at 
any particular time during synthesis. The slow addition of precursor at early stages of 
reaction may be challenging to measure concentrations of various players. Employing an 
initial heat-up or hot-injection kind of approach could lend better insights. The slow 
addition of precursor could be tacked on to the end just as a means to determine the 
nanoparticle concentration. 
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APPENDIX A  
SUPPORTING INFORMATION FOR CHAPTER III:  
INFLUENCE OF MONOMER FLUX AND TEMPERATURE ON MORPHOLOGY OF 
INDIUM OXIDE NANOCRYSTALS DURING A CONTINUOUS GROWTH 
SYNTHESIS 
 
Effective diameter (Deff) histograms from TEM analysis of samples featured in 
Figures 3.2, 3.3, 3.5, 3.7, and 3.9 of the manuscript. 
 
 
Figure A.1. Histograms of Deff for samples featured in Figure 3.2 and 3.3. Nanocrystals 
were synthesized at 260 °C with 1 mmol of indium and precursor addition rates of 1.2 
mL/min (A, featured in Figure 3.2A and the teal trace in Figure 3.3), 0.6 mL/min (B, 
featured in Figure 3.2B and the blue trace in Figure 3.3), 0.3 mL/min (C, featured in 
Figure 3.2C and the red trace in Figure 3.3), and 0.1 mL/min (D, featured in Figure 3.2D 
and the black trace in Figure 3.3). 
 
 
Figure A.2. Histograms of Deff for samples featured in Figure 3.5.  Samples were 
synthesized at 260 °C by addition of 1 mmol precursor at rates of 0.6 mL/min (A, 
featured in Figure 3.5B), 0.1 mL/min (B, featured in Figure 3.5C), and 0.6 mL/min with 
intermittent aging (C, featured in Figure 3.5D).  
 
151 
 
 
Figure A.3. Histograms of Deff of samples featured in the TEM images in Figure 3.7. For 
A and B, the nanocrystals were synthesized at 230 °C with 1 mmol of indium added at 
0.05 mL/min (A, featured in Figure 3.7A) and 0.2 mL/min (B, featured in Figure 3.7B). 
For C and D, the nanocrystals were synthesized at 290 °C with 1 mmol of indium added 
at 0.3 mL/min (C, featured in Figure 3.7G) and 4.0 mL/min (D, featured in Figure 3.7H). 
Deff histograms for samples featured in Figure 3.7D and 3.7E are already shown in Figure 
A.1D and A.1A, respectively. 
 
 
Figure A.4. Histograms of Deff of the samples featured in Figure 3.9. The nanocrystals 
were synthesized at 290 °C by adding 1 mmol of precursor at a rate of 4 mL/min (A, 
featured in Figure 3.9A) followed by 2 additional mmol of precursor at a rate of 0.17 
mL/min (B, featured in Figure 3.9B). For comparison, a control sample was synthesized 
by adding 3 mmol of precursor at 4 mL/min (C, featured in Figure 3.9C). 
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Determination of P/D ratios for In2O3 nanocrystals. 
Example calculations are provided in Figure A.5.  Image processing to determine P/D ratios 
from TEM images is summarized in Figure A.6. 
 
 
Figure A.5. Determination of the P/D ratio for a circle (A), square (B), and an equilateral 
cross (C). First, the actual area, A, of the shape is determined. The effective diameter, D, 
is determined with the area of a circle equation solved for the diameter regardless of the 
shape. Then the ratio of the perimeter to the diameter yields a number specific to the 
shape: approximately 3.14 for a circle, 3.54 for a square, and 4.76 for the cross.  
 
 
Figure A.6. The process to determine P/D ratio from TEM images. The background is 
removed from the image and the nanocrystals are analyzed to determine their area and 
perimeter. The effective diameter is determined from the area and the P/D ratio is 
calculated. In this example, the nanocrystals all appear to be rounded squares/rectangles 
which is reflected in their P/D ratios which are between a circle and a square. 
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X-ray diffraction patterns of faceted and branched nanocrystals. 
 
Figure A.7. Stacked XRD patterns of branched and faceted nanocrystals both exhibit 
cubic bixbyite structure. Branched In2O3 nanocrystals synthesized via fast precursor 
addition (1.2 mL/min) at 260 °C are shown in the black trace (* indicates a substrate 
peak) while faceted nanocrystals synthesized via slow addition (0.1 mL/min) at 260 °C 
are shown in the blue trace (A). For comparison, literature values for cubic bixbyite are 
shown as red lines (Marezio, M. Refinement of the Crystal Structure of In2O3 at Two 
Wavelengths. Acta Crystallographica 1966, 20, 723–728). TEM images corresponding to 
the branched (B) and faceted (C) samples characterized are shown at the right. Scale bars 
are 20 nm. 
 
Additional high resolution TEM images to supplement Figures 3.4 and 3.7 are 
provided in Figure A.8. 
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Figure A.8. High resolution TEM images of nanocrystals synthesized at 230 °C (A and 
B), 260 °C (C and D), and 290 °C (E and F) at fast injection rates (0.2, 1.2, and 4 
mL/min, respectively). In all cases, lattice fringes extend through the entirety of the 
nanocrystal suggesting that the nanocrystal is free of defects. Scale bars are 3 nm. 
 
Examination of branched nanoparticle growth over time. 
 
Figure A.9. TEM images demonstrating growth of branched nanocrystals. The 
nanocrystal synthesis was carried out by adding 2 mmol of indium precursor at a rate of 
1.2 mL/min into 260 °C oleyl alcohol.  Samples were removed after 0.5 mmol (A), 1 
mmol (B), 1.5 mmol (C), and 2 mmol (D) of indium precursor had been added. Scale bars 
are 20 nm. 
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Control experiment testing for oriented attachment of nanocrystals during 
prolonged periods of heating. 
Small (~6 nm) and large (~10 nm) In2O3 nanocrystals were separately synthesized 
by slowly adding (0.1 mL/min) indium oleate precursor into 13 mL of 260 °C oleyl 
alcohol. 0.5 mmol of indium was added to produce small nanocrystals while 2 mmol was 
added to produce large nanocrystals.  About 5 mL of each of the reaction mixtures were 
mixed together and heated to 260 °C. This temperature was maintained for one hour and 
the temperature increased to 290 °C and held for an additional hour. Small aliquots were 
taken throughout the experiment to examine the nanocrystals’ size and morphology as 
shown in Figure A.10.  
 
Figure A.10. TEM images and analysis to evaluate the possibility of oriented attachment.  
Small In2O3 nanocrystals produced via slow addition (0.1 mL/min) of 0.5 mmol precursor 
(A) and larger nanocrystals produced via slow addition (0.1 mL/min) of 2 mmol 
precursor (B) into 260 °C oleyl alcohol. The Deff histograms of small and large 
nanocrystals are shown in the red and blue traces, respectively, of the plot (C). TEM 
images after mixing small and large nanocrystals (D), after maintaining 260 °C for 1 hour 
(E), and after subsequently maintaining at 290 °C for 1 hour. 
 
156 
 
 
Table SA.1. Metrics determined from TEM analysis of starting materials for and results 
from oriented attachment control experiment. 
 
Starting nanocrystals After extended heating 
Small NCs Large NCs Small population 
Large 
population 
Avg. D (nm) 6.0 +/- 0.9 9.7 +/ 1.2 6.2 +/- 0.8 9.9 +/- 0.9 
P/D mode, 
maximum 3.4, 20.4% 3.5, 17.9% 3.4, 24.2% 
 
 
Calculation of the number of nanocrystals  
Utilized the growth curve shown below in Figure A.11, equations 1-3 demonstrate how 
we calculated the number of nanocrystals in a synthesis. Results from various 
temperatures are plotted in Figure A.12. 
 
 
Figure A.11. Nanocrystal growth curve plotted as nanocrystal volume versus precursor 
added for 260 °C. The data shown are replotted from Figure 3.8 in the main text. Error 
bars reflect one standard deviation of the size dispersion. The dashed lines represent the 
linear fit to the data series, with equation shown.  
 
𝑦 = 177.77𝑥	 − 1.47 
 
157 
 
The number of nanocrystals (NCtot) can be obtained from the linear fits using Equation 1: 
 
 
Equation 1 
 
where nm3/NC is the average volume of a single nanocrystal, NCtot is the total number of 
nanocrystals in the reaction, Vol/mmol is the volume of indium oxide per mmol of indium 
metal (2x1019 nm3/mmol), and mmolinj is the mmol of indium metal precursor injected into 
the reaction. From Equation 1, the slope of the growth curve is related to NCtot by Equation 
2: 
 
Equation 2: 
 
Thus, NCtot is calculated by Equation 3: 
 
Equation 3:  
 
 
𝑛𝑚@
𝑁𝐶 =	
1
𝑁𝐶wxw
∗
𝑉𝑜𝑙
𝑚𝑚𝑜𝑙 ∗ 𝑚𝑚𝑜𝑙qz{ + 𝑏 
𝑦			 = 												𝑚													 ∗ 						𝑥								 + 𝑏 
𝑚 =
1
𝑁𝐶wxw
∗
𝑉𝑜𝑙wxw
𝑚𝑚𝑜𝑙 
𝑁𝐶wxw =
2 ∗ 10E~
𝑚  
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Figure A.12. Number of nanocrystals calculated from three growth experiments at each 
temperature. 
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APPENDIX B  
SUPPLEMENTARY INFORMATION FOR CHAPTER IV:  
ACETYLACETONATE IN AN IRON (III) RICH PRECURSOR INDUCES 
TWINNING DEFECTS IN IRON OXIDE NANOPARTICLES 
 
 
Figure B.1. Size analysis results of nanoparticles produced with the standard Fe (III) rich 
precursor (A), and the Fe (II) rich precursor (B). 
 
 
Figure B.2. B2 Isothermal TGA run of Fe(acac)3 carried out at 150°C. Initial ramp rate 
was 5 °/min. Overall, there was 67% mass loss. Eighty percent of mass loss occurred 
within 20 minutes of reaching 150 °C, and 90% occurred within 40 minutes. 
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Figure B.3. Optical absorbance of iron precursor exchanged for 2 h (from Fe(acac)3) 
(red, center) compared to Fe (II) rich precursor (prepared over 1 h from Fe(acetate)2) and 
standard Fe (III) rich precursor (prepared for 1 h from Fe(acac)3). 
 
 
Figure B.4. FTIR of precursor prepared from Fe(NO3)3 (A) and TEM of nanoparticles 
resulting from synthesis with the precursor (B). The precursor was prepared by stirring 3 
mmol Fe(NO3)3 with 6 mL oleic acid at 150 °C for 1 h. The FTIR spectrum shows a 
missing C-H stretch due to sp2 hybridized carbon-hydrogen bond indicating that the 
alkene in oleic acid was oxidized. Nanoparticles were synthesized by adding precursor 
into 12.5 mL 230 °C oleyl alcohol at a rate of 0.2 mL/min. 
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Figure B.5. TEM Nanoparticles produced during the preparation of precursor using 
Fe(OH)(acetate)2 starting material. 3 mmol of Fe(OH)(acetate)2 was stirred with 6 mL 
oleic acid in a 150 °C oil bath for a period of one hour. Solid formed, which was unusual. 
The solid was precipitated with acetone, centrifuged, and dispersed in toluene to form an 
orange solution.  
 
 
Figure B.6. Size analysis from TEM images of nanoparticles produced with the oxidized 
precursor. 
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Figure B.7. HRTEM (A, C) of nanoparticles produced from the oxidized precursor with 
corresponding FFT patterns (B, D respectively). Scale bars are 5 nm. 
 
 
Figure B.8. Optical absorbance demonstrating presence of acetylacetonate ligands in the 
standard Fe (III) precursor. The standard Fe (III) precursor and the oxidized precursor in 
hexanes solutions (same concentration) are plotted (A) showing differences ~430 nm and 
UV range. The standard Fe (III) precursor was spiked with acetylacetone resulting in 
increased absorbance at 430 nm and UV wavelengths (B). 
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Figure B.9. FTIR spectrum of Fe (II) acetylacetonate acquired from Bio-Rad/Sadtler IR 
Data Collection (Bio-Rad Laboratories, Philadelphia, PA (US). Copyright ©Bio-Rad 
Laboratories). 
 
Figure B.10. HRTEM (A, C) and corresponding FFT patterns (B, D respectively) of 
nanoparticles produced from the Fe (II) rich oleate precursor with added acetylacetone. 
Scale bars are 5 nm. 
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Figure B.11. TEM images of nanoparticles resulting from synthesis with mixed 
precursor containing additional acetylacetone. The mixed precursor was prepared by 
stirring 4 mL of the standard Fe (III) rich precursor with 2 mL of the Fe (II) rich 
precursor and 0.3 mL of acetylacetone. Nanoparticles were prepared by adding this 
precursor into 12.5 mL of 230 °C oleyl alcohol at a rate of 0.21 mL/min (that is, 0.1 
mmol Fe/min). 
 
 
Figure B.12. Picture taken of reaction flask during synthesis to demonstrate set-up.   
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APPENDIX C  
SUPPORTING INFORMATION FOR CHAPTER V:  
INSIGHTS INTO THE MAGNETIC PROPERTIES OF SUB-10 NM IRON OXIDE 
NANOCRYSTALS THROUGH THE USE OF A CONTINUOUS GROWTH 
SYNTHESIS  
 
Table C.1. NC diameter and dispersity determined by SAXS of NC samples shown in 
Figure 5.1A. 
 
NC diameter and 
dispersity (nm) 
3.8 +/- 0.7 
5.3 +/- 0.6 
5.9 +/- 0.7 
6.7 +/- 0.7 
7.2 +/- 0.6 
8.0 +/- 0.7 
8.5 +/- 0.8 
8.8 +/- 0.9 
9.1 +/- 1.0 
9.4 +/- 1.0 
9.6 +/- 1.1 
9.8 +/- 1.2 
10.0 +/- 1.2 
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Figure C.1. Growth of nanocrystals as a function of amount of precursor added for three 
different syntheses. Nanocrystal size is displayed in volume calculated from SAXS 
diameter.  
 
Discussion of Figure C.1: 
Variation in growth rate is a result of different number of nuclei being formed 
during the nucleation event. If fewer nuclei form, then each growing particle attains more 
of the subsequent precursor and grows larger than if more nuclei were formed. The 
number of nuclei formed depends on the nucleation rate and the period of time over 
which nucleation occurs. Nucleation is highly sensitive to reaction conditions such as 
temperature, surface free energy, and supersaturation.1 There may also be variation in the 
nucleation period since precursor is added dropwise and the exact volume of the drops in 
the initial stage of the synthesis could be slightly different from synthesis to synthesis. 
Nonetheless, the utility of continuous injection syntheses is that the particle size is not 
determined by the nucleation event alone but by the amount of precursor added to the 
reaction flask. 
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Figure C.2. SAXS patterns are shown for a growth curve with sizes from 4-10 nm. The 
SAXS patterns are stacked from largest (top) to smallest (bottom). Black lines over each 
SAXS pattern is the fit used to determine size and dispersity of the NCs. 
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Figure C.3. Indexing of HRTEM single particle electron diffraction. HRTEM of four 
different NC sizes (A-D) with corresponding indexed FFT patterns (E-H) directly below. 
NCs have sizes (determined by SAXS) of 3.9 +/- 0.6 nm (A, E), 5.1 +/- 0.7 nm (B, F), 6.6 
+/- 0.6 nm (C, G), and 8.0 +/- 0.8 nm (D, H).  
 
Discussion of Figure C.3:  
Indexed FFT patterns are included in Figure C.3 to confirm that the particles 
produced are single crystalline.  
 
Rietveld Analysis of Powder Diffraction Data: 
Rietveld refinement was performed using the Fullprof suite2 on acquired Powder 
XRD data in order to verify the phase. A magnetite crystal structure with spacegroup Fd-
3m was used to perform the refinement.3 A standard of crystalline magnetite was refined 
to determine the instrumental broadening. The background was refined using a 12-term 
Chebyshev polynomial. For the magnetite phase, the scale factor was refined along with 
the unit cell parameter, the IG peak shape parameter and the instrumental displacement. 
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B values of Fe and O fixed at 1 Å-2 have been used recently in detailed analysis of iron 
oxide nanocrystals.4 Further, changing the B value from 0.5 Å-2 to 2.0 Å-2 for both Fe 
and O did not change the refined values for the unit cell parameter or the IG size 
parameter. The refinements and results are given in Figure C.2-C.4 and Table C.2-C.4.  
 
Figure C.4. Powder XRD pattern (blue dots) of the 5 nm (measured by SAXS) NC 
sample, fit using Rietveld refinement (red line) to verify the spinel iron oxide phase and 
crystallite size. The difference between the data and the model is shown by the green line. 
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Table C.2. Refined parameters using Rietveld refinement of the 5 nm NC sample 
(measured by SAXS). Spacegroup Fd-3m.  
Bragg R-factor 3.8 % 
R-factor 3.6 % 
A 8.372 Å 
Instrument Displacement -0.15 
IG 3.60 
Crystallite diameter  4.4 nm 
 
 
Figure C.5. Powder XRD pattern (blue dots) of a 6 nm NC sample (measured by SAXS), 
fit using Rietveld refinement (red line) to verify the spinel iron oxide phase and crystallite 
size. The difference between the data and the model is shown by the green line.  
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Table C.3. Refined parameters using Rietveld refinement of a 6 nm NC sample 
(measured by SAXS). Spacegroup Fd-3m. 
Bragg R-factor 5.9% 
R-factor 5.7% 
A 8.353 Å 
Instrument Displacement -0.17 
IG 2.73 
Crystallite diameter  5.0 nm 
 
 
Figure C.6. Powder XRD pattern (blue dots) of a 9 nm NC sample (measured by SAXS), 
fit using Rietveld refinement (red line) to verify the spinel iron oxide phase and crystallite 
size. The difference between the data and the model is shown by the green line. Peaks at 
28° and 47° are from the Si wafer used as a substrate. 
 
 
 
 
172 
 
 
Table C.4. Refined parameters using Rietveld refinement of a 9 nm NC sample 
(measured by SAXS). Spacegroup Fd-3m. 
Bragg R-factor 4.9 % 
R-factor 4.0 % 
A 8.346 Å 
Instrument Displacement -0.12 
IG 1.38 
Crystallite diameter  7.1 nm 
 
 
Figure C.7. Room temperature magnetization curves of a size series of nanocrystals. 
Measured data are black while fits to Langevin equation are orange. 
Table C.5. Physical diameter and standard deviation of size distribution as determined by 
SAXS, magnetic diameter and standard deviation of distribution as determined by fitting 
Langevin equation to magnetization curves, percent maghemite as determined by optical 
absorbance, and the saturation magnetization also determined by fits to magnetization 
curve. 
Physical size (nm) Magnetic size (nm) % 𝜸-Fe2O3  Saturation Magnetization (Am2/kg) 
3.9 +/- 0.6 3.5 +/- 0.5 98  54.6 +/- 1.0 
4.6 +/- 0.7 4.4 +/- 0.7 94  64.3 +/- 1.1 
4.6 +/- 0.7 4.4 +/- 0.8 95  68.3 +/- 1.2 
5.1 +/- 0.7 4.8 +/- 0.8 92  63.7 +/- 1.1 
6.1 +/- 0.8 5.9 +/- 1.1 86  72.7 +/- 1.3 
6.6 +/- 0.7 6.7 +/- 1.0 81  73.5 +/- 1.3 
7.7 +/- 0.9 7.6 +/- 1.4 79  74.2 +/- 1.3 
8.0 +/- 0.9 8.0 +/- 1.6 74  78.0 +/- 1.4 
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Figure C.8. TEM images of all NC samples that were magnetically characterized. Scale 
bars are 50 nm. 
 
Figure C.9. Collection of Ms values reported in the literature plotted versus nanoparticle 
size. Includes information from Castellanos-Rubio et al.,5 Guardia et al.,6 Mohapatra et 
al.,7 Caruntu et al.,8 Park et al.,9 Mitra et al.,10 Dehsari et al.,11 Yun et al.,12 Baaziz et 
al.,13 Demortière et al.,14 Taniguchi et al.,15 Salazar et al.,16 Kim et al.,17 Tronc et al.,18 
Millan et al.,19 and this study. Note that the values reported by Guardia et al., Demortière 
et al., and Baaziz et al. were measured at low temperature (5K), which has the effect of 
elevating the Ms compared to room temperature measurements.  
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Figure C.10. The effective magnetic size using two different values for MD from 
Langevin function fit plotted as a function of physical size measured by SAXS. Black 
dots are calculated using MD commonly used for maghemite of 76 Am2/kg. Blue squares 
are calculated using MD which reflects the ratio of maghemite:magnetite determined by 
Near-IR. For the blue squares MD used for the maghemite percentage was 76 Am2/kg and 
MD used for the magnetite percentage was 92 Am2/kg. The gray dashed line is y=x. 
 
Discussion of Figure C.10. 
We also calculated the magnetic size using an MD equal to the variable percentage 
of maghemite:magnetite determined by near-IR in Table C.5 in addition to using an MD 
value for maghemite (Figure C.10). We used MD values of 76 Am2/kg for maghemite and 
92 Am2/kg for magnetite to calculate the adjusted MD of the NCs. We then used the MD 
for each NC to calculate the magnetic size using 𝑚 = 𝑀; ∗ =>𝐷(
@from Equation 1. Using 
a variable value of MD lowers the magnetic size a bit for larger NCs, as would be 
expected due to larger magnetite content, so that the magnetic size is not larger than the 
physical size.  
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APPENDIX D  
SUPPORTING INFORMATION FOR CHAPTER VI: 
DESIGN AND DIGITAL FABRICATION OF MAGNETO-DIELECTRIC 
COMPOSITES FOR ADDITIVE MANUFACTURING OF GRADIENT INDEX RF 
LENSES 
 
This appendix was written by T. Zaikova and myself with guidance from J. E. 
Hutchison. It describes surface functionalization and hexaferrite synthesis utilized in 
Chapter VI. 
 
Development of nanoparticle coating and ink formulation  
We developed and produced inks containing dielectric and magnetic nanoparticles 
for 3D printing.  As a nanomaterial with a high dielectric constant, we used barium 
titanate (BaTiO3). As magnetic nanomaterial with high permeability, we used Co2Z 
(hexagonal barium ferrite composite Ba3Co2Fe24O41). All inks were formulated in a 
di(ethylene glycol) diacrylate (1, Figure D.1, DEGDA) matrix containing the photoiniator 
Irgacure 184 (2, Figure D.1).  To make particles dispersible in DEGDA for ink jet 
printing and further photopolymerization, we used small (less than 50 nm in diameter) 
nanoparticle cores with acrylic acid functional groups (3, Figure D.1) in their outer shell.  
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Figure D.1. Structures of Di(ethylene glycol) diacrylate (1, DEGDA), Irgacure 184 (2), 
and acrylic acid (3). 
 
Synthesis of surface functionalized nanoparticles 
Surface functionalization of BaTiO3 nanoparticles   
Two different procedures were developed to prepare surface modified barium 
titanate (BaTiO3) nanoparticles to be dispersed in polymeric matrix DEGDA.  Both 
procedures required using high energy ball milling as in Atkuri et al.1  
A RETSCH Planetary Ball Mill PM 100 equipped with a zirconia jar and 3 mm 
zirconia balls was used. Ball milling experiments have been carried out using 50 nm 
(Inframat® Advanced MaterialsTM LLC, Cat # 5622ON-N2) and 500 nm BaTiO3 
(Inframat® Advanced MaterialsTM LLC, Cat # 5622-ON7) particles as the starting 
materials. 
In the method for large nanoparticles (500 nm), ball milling was carried out in the 
presence of acrylic acid. Briefly, 1.2 g of 500 nm BaTiO3 and 500 µL of acrylic acid in 
16 mL of ethanol were loaded into the 50 mL zirconium jar followed by loading with 70 
g of zirconium balls.  The mixture was milled for 7-9 hours at 500 rpm.  Acrylic acid was 
added to prevent aggregation and also serves as a modifying ligand. After ball milling 
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with acrylic acid mixture was transferred into a 50 mL Corning tube and centrifuged. The 
supernatant was removed, and solid was washed with twice with 40 mL of ethanol. 
Ethanol (2-7 mL) was added to solid, and the mixture was sonicated for an hour. It was 
important to keep nanoparticles in ethanol at all times before use in order to prevent 
aggregation.  Modification of particles surface was confirmed by XPS. 
To functionalize small BaTiO3 (50 nm), 1 g of BaTiO3 and 500 µL of acrylic acid 
in 16 mL of ethanol were loaded in a 50 mL jar followed by loading of 70 g of balls.  The 
mixture was milled for 1 hour at 500 rpm. After ball milling with acrylic acid mixture 
was transferred into 50 mL Corning tube, centrifuged and washed 2x40 mL of ethanol.  
Desired amount of ethanol (2-7 mL) was added to solid and mixture sonicated for an 
hour. Particles always should be kept in ethanol before using to prevent aggregation. 
Modification of particles surface was confirmed by IR spectroscopy.  Ball-milling 
doesn’t change particles size as was shown by tunneling electron microscopy (TEM). 
Synthesized BaTiO3 nanoparticles were used to prepare ink for 3D printing using the 
procedure described below. 
Synthesis of Co2Z nanoparticles 
Two approaches were used to synthesized Co2Z hexaferrite. In the first approach 
we used a well-known solid-state reaction technique2 with slight modifications. We found 
that increasing time of ball milling (from 2 h to 22 h) and changing solvent from water to 
ethanol gave higher percent of desired Co2Z phase.  Barium carbonate (0.59 g, 2.99 
mmol, 1µm powder, Alfa Aesar, Cat #14341), cobalt (II, III) oxide (0.16g, 0.66 mmol, 
50-80 nm powder, Alfa Aesar, Cat # 44661), Iron (III) oxide (alpha-phase, 1.92 g, 12 
mmol , 30-50 nanopowder) in 16 mL of ethanol were loaded in 50 mL jar followed by 70 
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g of balls and milled for 20 hours at 300 rpm. Ethanol was evaporated under nitrogen and 
powder was dried at 104℃ for 20 hours.   
 Various annealing procedures were examined to achieve hexaferrite phases and 
target the Co2Z phase. The phases were characterized qualitatively using X-ray 
diffraction (XRD). Annealing at 1100˚C and below yielded mostly Y-type 
(Ba2Co2Fe12O22) and M-type (BaFe12-xCoxO19) phases of hexaferrite (Figure D.2). Based 
on Pullar3, 1330˚C was the ideal temperature to achieve the Z-type (i.e. Co2Z) phase, but 
this resulted in almost exclusively W-type hexaferrite (BaCo2Fe16O27) (Figure D.3).  As a 
result, we lowered the annealing temperature to 1230℃ yielding a mix of ferrites that 
appeared to contain the Z-type phase (Figure D.4).  
 
 
Figure D.2. XRD pattern of ball milled starting materials annealed at 1080˚C in air for 2 
h (black trace) with comparisons to Y (red lines) and M -ype (blue lines) hexaferrite 
phases. 
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Figure D.3. XRD pattern following annealing at 1330˚C in air for 4 hours (black trace) 
with comparison to W-type hexaferrite (blue lines). 
 
 
Figure D.4. XRD pattern following annealing at 1230˚C in air for 4 hours (black trace) 
with Z-type (blue lines), Y-type (red lines), and W-type (black lines) hexaferrite phases 
for comparison. 
 
The particle size following the annealing step was too large to produce a 
dispersion that could pass through nozzles for printing, so we performed another ball 
milling step. One gram of 1230˚C annealed sample was milled with 70 g of balls in 17 
mL of ethanol and 450 µL of acrylic acid for 7 h at 500 rpm. XRD pattern shows that the 
sample comprises several hexaferrite phases and has broadened peaks (Figure D.5) 
compared to the sample prior to ball milling (Figure D.4 black trace). The peaks were 
broadened due to the small particle size (~10 nm). The small particle size was confirmed 
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by transmission electron microscopy (TEM) of the ball milled sample (Figure D.6). The 
process for preparing the hexaferrite ink for 3D printing is described below.  
 
 
Figure D.5. XRD pattern of hexaferrite sample annealed at 1230˚C after ball milling 
(black trace) with Z-type (blue lines), Y-type (red lines), and W-type (black lines) 
hexaferrite phases for comparison. 
 
 
Figure D.6. TEM image of 1230˚C annealed hexaferrite sample after ball milling. 
 
In the second approach for Co2Z nanoparticles synthesis, we used the slow 
injection method.4  Barium isopropoxide 0.077 g (0.3 mmol), cobalt (III) acetylacetonate 
0.071 g (0.2 mmol) and iron (II) acetate 0.42 g (2.4 mmol) were added to 3 mL of oleic 
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acid. The mixture was heated for 2 hours at 150℃ under nitrogen to produce mixture of 
barium oleate, cobalt oleate, and iron oleate. The mixed oleates solution obtained was 
then added dropwise (0.3 mL/min) to 13 mL of oleyl alcohol heated to 230℃. After 20 
minutes solution was cooled down to room temperature. The product was precipitated 
with 30 mL of acetone and solid was collected by centrifugation at 7300 rpm, dissolved 
in 2 mL of toluene and precipitated with 40 mL of acetone. Precipitated solid was washed 
with acetone (2x40 mL). The resulting nanoparticles contain Ba, Co, and Fe according to 
EDX. However, the particles obtained (5-8 nm in size) possess the spinel structure as 
shown by XRD (Figure D.7). Changing reaction temperature, concentration of starting 
material, or using iron with higher oxidation state as a starting material didn’t lead to 
desired hexaferrite particles. Further procedure tuning required to obtain desired product. 
 
 
Figure D.7. XRD pattern of sample produced via slow injection method (black trace) 
with the cubic spinel phase (red lines) for comparison. 
 
General procedure for ink preparation using acrylic acid-modified BaTiO3 
nanoparticles and Co2Z hexaferrite nanoparticles  
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Acrylic acid-modified nanoparticles (200 mg) were transferred into round-bottom 
flask as a suspension in ethanol (2 mL) and 2 mL of DEGDA was added to the sample. 
Ethanol was evaporated using rotary evaporator at 25-30℃.  After ethanol evaporation, 
the sample was sonicated for 20 h.  Photoinitiator (Irgacure 184, 60 mg) was added to the 
mixture, and it was sonicated for an additional hour.  The dispersion obtained was used 
for 3D printing.  
Inkjet printing nanoparticle composite inks 
Composite films were formed by inkjet printing in an N2 atmosphere using 
published procedure.5  The printer used was a Dimatix Materials Printer, DMP-2800, 
manufactured by Fujifilm-Dimatix. The DMP is a laboratory research printer that enables 
the evaluation of ink jetting technology for new material manufacturing and analytical 
processes. It is designed for carrying out “proof of concept” and development work with 
sophisticated capabilities for optimizing process parameters for given application. The 
DMP is PC-controlled and has a substrate scanning “ink jet” deposition system with a 
visual drop observation camera, and spot location capability. It prints with user-fillable 
piezo-based jetting cartridges, each with 16 square nozzles spaced at 254 μm such that 
ink drop volumes are 10 pl. It is designed specifically for working with organic fluid 
based “inks” and is equipped with a capability for nozzle and substrate heating up to 70 
°C.  
In our process, prepared BaTiO3/DEGDA or hexaferrite/DEGDA inks were 
printed onto piranha-cleaned glass substrates to form layers 5-10 μm in thickness and 
then polymerized to form composites. Composites were multilayered up to 22 layers. 
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Each layer was polymerized under UV light (365 nm) following deposition and before 
next layer deposition. 
The both BaTiO3/DEGDA and hexaferrite/DEGDA inks were easily printed at 
low loadings (7-10% by weight). Printing samples with 30% loading was challenging.  
Dispersions were too viscous to pass through the nozzles of the printing cartridges. To 
overcome that problem, dispersions were diluted with 2 or 3 mL of ethanol. After deposit 
a layer and before polymerization, ethanol was allowed to evaporate for 5 minutes under 
nitrogen atmosphere. Examples of high-loading samples are shown in Figure D.8.  
Printed samples were submitted for dielectric permittivity measurements and magnetic 
characterization. 
 
Figure D.8. Images of printed composites with low-loading (A and B) and high loading 
(C and D). White samples are BaTiO3/DEGDA composites, and brown samples are 
hexaferrite/DEGDA composites. 
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